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ABSTRACT 
The objectives of the thesis research are 1) to study the strain rate effect on the 
deformation behavior of bulk-metallic glasses (BMGs), 2) to investigate the loading 
mode effect on the fatigue behavior of BMGs.  
The main results are obtained as follows. At room temperature, during the 
inhomogeneous deformation, BMGs show the strain softening caused by the increase of 
the free volume in the shear bands. However, BMGs have a high-energy state and trend 
to crystallize, especially in the shear bands with the maximum shear stress and the 
increasing temperature. The instability of BMGs makes it possible for strain hardening. 
Thus, The deformation behavior of BMGs is affected by the stucture stability. The BMG 
with a relatively worse thermal stability, the low crystallization activation energy and 
high Avrami exponent would lead to the strain hardening phenomenon at the high strain 
rate.  
Loading modes affect the fatigue life, fatigue-endurance limits, and fracture 
mechanisms of BMGs. Under four-point-bend fatigue, the fracture is an open-mode 
fracture (Mode I). However, under compression-compression fatigue, the fracture is a 
shear-mode fracture (Mode II). The fatigue life for the mode-I fracture is shorter than 
that for the mode-II fracture. The tension stress can accelerate the fatigue failure, and the 
compression stress can slow down the fatigue failure. The fatigue deformation and 
failure mechanisms under the different stress states will be discussed. According to the 
statistics analysis of the literature results, the fatigue failure probability of BMGs at a 
specific stress ratio could be predicted using the Logistic Regression.  
 vii
Under static loading, shear bands generally form when the stress is higher than 
the yield stress. Shear bands could also be observed when the maximum fatigue stress is 
much lower than the yield stress, which could be caused by the fatigue softening. In 
order to prove the fatigue softening, four-point-bend fatigue is investigated. Many shear 
bands are observed on the tension and compression surfaces after fatigue test. However, 
the distribution of the shear bands is different for the various sections of the four-point-
bend-fatigue sample. The shear-band spacing is relatively small on the tension surface 
within the inner pins. The shear-banding spacing is relatively large on the tension surface 
between inner and outer pins. No shear bands are observed outside the outer pins. The 
compression tests are investigated for the different sections after the four-point-bend 
fatigue. It is shown that the strength is the lowest for the inner pins part, the highest for 
the outside the outer pins part, and the medium for the part between inner and outer pins, 
which gives the direct proof for the fatigue softening.  
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CHAPTER 1: LITERATURE REVIEW 
1.1 Formation of metallic glasses 
1.1.1 Development of metallic glasses (MGs) 
 The atoms of a crystal arrange periodically and form a regular crystal lattice. 
However, the atoms of a glass arrange disorderly, which form a specific glass structure 
with the short and medium range orders but without the long range order.(1) As the 
crystal grains become finer and finer, the boundary between a glass and nano-crystalline 
solid is becoming blurred. Generally speaking, a solid without a long-range order above 1 
- 2 nm can be considered as a glass. 
 The definition of a glass is based on the structure characteristics, not related to the 
chemical bond. A glass could be formed through any kind of bonding, such as metallic, 
covalent, ionic, or hydrogen bonding. A glass mainly formed through the metallic bond is 
called metallic glass.(2) 
 The first synthesis of metallic glasses is in the Au-Si system by Duwez at Caltech 
in 1960 using a rapid-solidification technique.(3) The significance of Duwez’s work was 
that the developed rapid cooling techniques could provide a very high cooling rate of 105 
– 106 K/s. Such a high cooling rate could constrain the nucleation and growth of 
crystalline phases during the cooling process. Thus, the liquid configuration at high 
temperatures could be frozen at room temperature. The metallic glass has the 
fundamental scientific importance and potential engineering application, which attracted 
increasing attentions.  
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 The study on metallic glasses gained an impressive progress between 1970s and 
1980s. The continuous casting process was developed for the commercial manufacture of 
metallic-glass ribbons and sheets.(4-5) One industrial application is an Fe-based metallic- 
glass melt-spinning ribbon, which could be used as the iron core of transformers.(6) The 
core loss made from the metallic glass is only one third of the normal electrical steel. 
However, the high cooling rate restricted the metallic glass to a limited dimension, which 
is difficult for much wider applications.  
 If the critical size is above 1 mm, the metallic glass is called a bulk-metallic glass, 
abbreviated by BMG. The ‘bulk’ is defined arbitrarily. The first BMG was the ternary 
Pd-Cu-Si alloy prepared by Chen in 1974.(7) They used a simple suction-casting method 
to form millimeter rods at a significantly low cooling rate of 103 K/s. In 1982, the well-
known Pd-Ni-P BMG was prepared by Turnbull using a boron-oxide fluxing method to 
purify the melt and eliminate the heterogeneous nucleation.(8) The BMG ingot with a 
centimeter could be solidified at cooling rates of ~ 10 K/s. The formation of a Pd-based 
BMG is very exciting. However, the high cost of the Pd element limits the investigation 
only in the academic field, and the further interesting study faded gradually. 
 In 1980s, a variety of solid-state amorphous techniques, completely different 
mechanisms from rapid quenching, were developed, such as mechanical alloying, ion 
beam mixing, and inverse melting et. al. A variety of metallic glasses in the form of thin 
films or powders can be obtained by inter-diffusion and interfacial reaction at 
temperatures well below the glass-transition temperatures.(9) 
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 In the late 1980s, Inoue at Tohoku University and Johnson at Caltech find new 
multi-component alloy systems consisting mainly of common metallic elements with 
lower critical cooling rates. The systematical investigation on ternary alloys of La-Al-Ni 
and La-Al-Cu shows that they have exceptional glass-forming ability (GFA).(10) The 
fully glassy rods and bars with a thickness of several millimeters could be obtained just 
by casting the alloy melt into water-cooling copper molds. Based on this method, the 
researchers developed many multi-component bulk-metallic-glass compositions, such as 
Zr-based, Mg-based, Cu-based, Fe-based, and so on. (11, 12, 13)  
1.1.2 Thermodynamics 
 The Gibbs-free energy, G, of crystals and liquids is shown in Figure 1:1.(14) The 
Gibbs free energy of a liquid has a relatively smaller slope than that of a crystal. Upon 
cooling, the Gibbs-free energy of a liquid changes faster than a crystal. A liquid has the 
same Gibbs-free energy with a crystal (Gl = Gx) at the melting temperature, Tm. 
Meanwhile, the liquid has more entropy, S, than its crystal, which could be shown by: 
m
m l x
m
HS S S
T
ΔΔ = − =  
(1:1) 
where ∆Hm is the fusion enthalpy. When the temperature, T, is below Tm, the liquid is 
undercooled and has a larger Gibbs-free energy than a crystal. The energy difference is 
shown by: 
m m
T T
m
T T
G G SdT SdTΔ = Δ + −Δ = −Δ∫ ∫  
(1:2) 
  4
The Gibbs-free-energy difference acts as the driving force for the crystallization of the 
undercooled liquid. The entropy difference between the two states is described by: 
 
m
T
p
m
T
C
S S dT
T
ΔΔ = Δ + ∫  
  (1:3) 
where ∆Cp = Cp,l - Cp,x is the heat-capacity difference between a liquid and crystal. Since 
a liquid has a high heat capacity, it loses entropy faster than the crystal upon cooling. As 
the temperature drops continuously, there would appear a point at which the entropy of a 
liquid is equal to that of a crystal. Kauzmann first pointed out this tendency. It is known 
as the 'Kauzmann Paradox'.(15) The iso-entropic point is called a Kauzmann temperature, 
Tk. The Kauzmann temperature is considered as the limit that a liquid cannot have lower 
entropy than its crystal. Therefore, before reaching Tk, either glass transition or 
crystallization has to occur in order to terminate the liquid state. In either case, the heat 
capacity experiences an abrupt drop. 
 Basically, both Cp,l and Cp,x can be measured experimentally using a calorimetric 
method or Electro Statics Levitation (ESL) technique.(16) The measurement of Cp,l 
requires a high resistance of the undercooled liquid to crystallization. The melting 
temperature, Tm, and the fusion enthalpy, ∆Hm, can easily be measured by the high- 
temperature calorimetry. Once the Cp,l, Cp,x (hence ∆Cp), Tm, and ∆Hm are known, the 
difference of the Gibbs-free energy difference between the undercooled liquid and crystal 
as a function of temperature can be calculated as follows:(17-18) 
G H TS= −  
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( ) ( )' ''' ''
''
m m
T T
pm
m
m T T
C THG T T dT dT
T T
ΔΔΔ = − − ∫ ∫  
(1:4) 
It should be noted that the thermodynamic parameters are well-defined functions of 
temperature and pressure, and do not depend on the cooling or heating rates used in the 
experiment measurements. 
1.2.3 Kinetics 
 For an undercooled liquid, the viscosity,η , is perhaps the most important kinetic 
parameter because the relaxation time, shear-stress-relaxation time, and internal-
viscosity-equilibration time, are directly proportional to η , although the proportion 
coefficient may be varied for different times.(19) Diffusivity, D, is inversely proportional 
to the viscosity as shown by the Stokes-Einstein Equation 1:5: 
3
kTD
lπ η=  
 (1:5) 
where k is the Boltzmann constant, and l is the average atomic diameter. The change of 
the viscosity versus the temperature is the most important parameter for the kinetics of 
the undercooled liquid. 
 There are several models to describe the equilibrium viscosity change of an 
undercooled liquid as the temperature changes. The two most frequently used models are 
the Vogel-Fulcher-Tammman (VFT) model and free-volume model. The free-volume 
model will be discussed in the deformation mechanism of BMGs. The VFT model 
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describes the change of the viscosity of the whole materials as the temperature increases. 
Angell further modified the VFT, model and the viscosity is expressed as:(20-23) 
( ) 00
0
exp DTt
T T
η η ⎛ ⎞= ⎜ ⎟−⎝ ⎠  
 (1:6) 
where 0η , D0, and T0 are three constants from fitting experiment data. Physically, 0η refers 
to the viscosity extrapolated to the infinite temperature, and D is a 'strength' parameter. 
The higher D is, the stronger the liquid is. T0 is an extrapolated temperature usually called 
the VFT temperature at which the viscosity would diverge. 
 Figure 1:2 shows the change of 10log η  verse Tg/T of many glass-forming liquids. 
The linear line corresponds to an Arrhenius behavior. The curved lines suggest the 
deviation from the Arrhenius behavior. The higher the curvature, the more the deviation 
from the Arrhenius behavior, also called the more 'fragile' or less 'strong'. If 0η  and T0 are 
fixed in the VFT mode, a higher D corresponds to a lower curvature (a strong liquid). 
Hence, D is normally known as the strength parameter of a liquid. The deviation from the 
Arrhenius behavior is the slope of the 10log η  versus Tg/T plot at the glass-transition 
temperature, Tg:(24) 
( ) ( )
010
2
0
log | 0.434
/ g
g
T
g g
DT Tdm
d T T T T
η= =
−
 
 (1:7) 
 The larger the slope, m, the more fragile the liquid is. Therefore, m is called the 
'fragility' of the liquid. Usually, fragile liquids have m > 100, and strong liquids have m 
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in the range of 16 ~ 30. For some metallic glasses, such as Zr- and Pd-based BMGs, the 
fragility typically values from 32 ~ 66.(25) However, for some poor metallic glass-
formers like Al-based alloys, the fragility may be higher than 200.(26) Fragility is only 
the kinetic nature, and it is not expected to fully describe the glass-forming ability of a 
liquid. 
1.2.4 Classical theory for crystal nucleation and growth 
 When a liquid is cooled below its melting temperature, Tm, crystallization tends to 
occur by the crystal nucleation and growth. The driving force is the difference of the 
Gibbs-free energy between the liquid and the crystal. The interface between the two 
phases tends to increase the system energy. So the total Gibbs-free-energy change caused 
by the formation of nucleus is: 
3
2 44
3A V
rG r Gπδ π σ= − Δ  
 (1:8) 
where r, Aσ , and ∆GV are the radius of the nucleus, the interfacial energy per area, and 
the Gibbs free energy difference per volume. There is a maximum for δG corresponding 
to a critical radius, rc: 
3
2
2
16
3
A
c
V
A
c
V
r
G
G
G
σ
πσδ
= Δ
= Δ
 
 (1:9) 
The classical nucleation theory describes the nucleation rate, Iv, as the product of one 
kinetic term and one thermodynamic term:(27) 
  8
3
2
16exp exp
3
v c v A
v
V
A G AI
kT kT G
δ πσ
η η
⎛ ⎞⎛ ⎞= − = −⎜ ⎟⎜ ⎟ Δ⎝ ⎠ ⎝ ⎠
 
 (1:10) 
where Av is a constant of the order of 1032 Pa s/m3 s for the homogeneous nucleation. The 
VFT model could express the viscosity: 
( ) 00
0
exp DTT
T T
η η ⎛ ⎞= ⎜ ⎟−⎝ ⎠  
 (1:11) 
The Gibbs free energy could be expressed by: 
( )m mG S T TΔ = Δ −  
  (1:12) 
The classical growth theory describes the growth rate, u, as also the product of one 
kinetic term and one thermodynamic term: 
2 1 exp3
VGkTu
l kTπ η
⎡ ΩΔ ⎤⎛ ⎞= − −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦  
 (1:13) 
where Ω is the average atomic volume. The first (kinetic) term was originally expressed 
using the atomic diffusivity. The second term is the thermodynamic term. 
 As the temperature decreases from Tm, the viscosity will increases, which could 
lead to the decrease of the growth rate more effectively than it does in the nucleation rate. 
Based on Iv and u, the volume fraction, f, of the crystallized part of the undercooled liquid 
as a function of time at the early stage of crystallization could be obtained by an integral: 
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( ) ( )
3
0 '
4' ' '' ''
3
t t
v
t
f I t dt u t dtπ ⎡ ⎤= ⎢ ⎥⎣ ⎦∫ ∫  
(1:14) 
where t' and t'' are the two time coordinates for the nucleation and the growth, 
respectively. For an isothermal-crystallization process and no relaxation time, Iv and u are 
independent of time, the volume fraction of crystal could be expressed: 
( )
3
3 3 4
0
4 1' '
3 3
t
v vf I u dt t t I u tπ π= − =∫  
 (1:15) 
Therefore, the time required to crystallize a certain volume fraction of the liquid is given 
by: 
1/ 4
3
3
v
ft
I uπ
⎛ ⎞= ⎜ ⎟⎝ ⎠
 
 (1:16) 
The critical value of fc = 10-6 could be set as the boundary between the 'crystallized' and 
'not crystallized'. The time required to crystallize an fc fraction of the liquid at different 
temperatures could be calculated using the above equation. 
 According to the classical theory of nucleation and growth, the time required to 
reach the critical volume-fraction value at different temperatures could be calculated. The 
time-temperature-transformation (TTT) diagram could be drawn according to the 
calculated data. The TTT diagram shown in Figure 1:3 has a C shape with a nose at an 
intermediate temperature, which corresponds to the minimum time required to reach the 
critical volume fraction of a crystal at a specific temperature. If the cooling rate is lager 
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than the critical cooling rate, Rc, the liquid could be formed as a metallic glass. The 
critical cooling rate during an isothermal process is expressed by:(28) 
m n
c
n
T TR
t
−=  
 (1:17) 
Later Uhlmann and co-worker solved the continuous cooling problem by plugging the 
time dependence, which is equivalent to the temperature dependence:(29) 
dT Rdt= −  
(1:18) 
where R is the cooling rate. Assuming Iv and u to be constant, the crystallization volume 
fraction,  f, could be described by: 
( )
3
4
'
4 ' ' '' ''
3
liq
T
v
T T
f I T dT uT dT
R
π ⎡ ⎤= ⎢ ⎥⎣ ⎦∫ ∫  
(1:19) 
Tliq is the initial temperature where crystallization starts. The critical cooling rate can be 
calculated as follows: 
( ) ( )
1/ 43
'
4 ' ' '' ''
3
g g
liq
T T
c v
c T T
R I T dT u T dT
f
π⎡ ⎤⎡ ⎤⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦⎣ ⎦
∫ ∫  
(1:20) 
1.2.5 Crystallization  
 Compared to the corresponding crystalline counterparts, a glass has a higher free 
energy, which is metastable even if it possesses an excellent stability. Thus, a glass has a 
tendency to change from a glass to crystalline state, which is called the crystallization 
process. The transformation from a glass to crystalline state requires overcoming the 
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energy barrier. This kind of energy barrier could be provided by the input of the external 
energy, such as the heat treatment or mechanical deformation. 
 On continuous heating, a glass will undergo a glass transition, which shows the 
heat absorption. There are several kinds of methods to define the glass-transition 
temperature (Tg). Generally, it is defined as the first inflection point in the differential- 
scanning-colorimetry (DSC) curve, which is the onset temperature of the heat capacity 
(Cp) increase. As the temperature increase, a glass will crystallize with a heat release. The 
beginning temperature of the heat-release peak is defined to be the crystallization 
temperature (Tx). The temperature difference between the glass-transition temperature 
and the crystallization temperature is called the supercooled liquid region (∆T). As the 
temperature goes much higher, a heat absorption peak will appear. The beginning 
temperature for this absorption peak is called the solidus-melting temperature (Tm). The 
ending temperature for this absorption peak is called the liquidus-melting temperature. 
The melting temperature of a glass is often referring to be the liquidus-melting 
temperature (Tl). The ratio of Tg/Tl is defined as the reduced glass-transition temperature 
(Trg). The crystallization process on heating is affected by the temperature, time, and 
heating rate.(30) 
 The effect of the mechanical deformation on the structure change has two sides. 
From one side, the mechanical deformation could drive crystalline solids far from their 
equilibrium state by introducing structural or chemical defects. Crystalline alloys may 
lose their long-range order and become amorphous. One application is the fabrication of 
the metallic glass by ball milling. From the other side, the mechanical deformation could 
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also assist the atomic transport and evolution toward equilibrium. The crystallization 
could happen by an atom displacement under the plastic deformation. The crystallization 
caused by the mechanical deformation depends on the stress, strain, and strain rate. 
1.2.6 Criteria of glass-forming ability (GFA) 
 Even if the critical cooling rate could be calculated and is directly related to the 
GFA of a metallic glass, it is obviously not a convenient way to predict a best glass- 
forming composition, since it requires a large amount of experimental data. In 1969, from 
a cooling perspective, Turnbull proposed that the glass-forming tendency should increase 
with the reduced glass-transition temperature, Trg. Tg generally has a weak dependence on 
the composition, while Tl often decreases more strongly. Thus, the interval between Tl 
and Tg generally decreases, and the value of Trg increases so that the probability of being 
able to cool through the interval between Tl and Tg without the crystallization is enhanced, 
that is, GFA is improved.(31) From a heating perspective, Inoue proposed that the glass-
forming tendency should increase with the supercooled-liquid region, ∆Txg. A large ∆Txg 
value may indicate that the supercooled liquid can exist in a wide temperature range 
without the crystallization and has a high resistance to the crystal nucleation and 
growth.(11) Trg  and ∆Txg could show some contrasting trends in many alloy systems. In 
2002, Liu and Lu give a new gamma criterion, ( )xg l
T
T T
γ = + , and combine the cooling 
and heating processes, which is more accurate for the reflection of the GFA of metallic 
glasses.(32) Fan and Liaw further developed a dimensionless criterion, , expressed by 
Trg(ΔTx/Tg)0.143, which is somewhat better than the gamma criterion.(33)  
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1.2 Deformation  
1.2.1 Deformation Mechanisms 
1.2.1.1 Free-volume model (34) 
 The free volume is the excessive volume that atoms can freely move in which is 
defined as the average atomic volume minus the average atomic volume in the ideally 
ordered structure. It is a kind of measure of the departure from the ideally ordered 
structure. The free-volume model is proposed by Spaepen in 1977.(34) It is assumed that 
the macroscopic flow is a result of the number of individual atomic jumps. In order for an 
atom to jump, it must have a nearest neighbor environment as shown in Figure 1:5.  
 Next to it there must be a hole large enough to accommodate its atomic volume, 
ν*. The atomic positions before and after the jump are relatively stable with the minimum 
local free energy. In order to make the atom jump, the activation-energy barrier of motion, 
∆Gm, must be supplied. If there is no applied stress, the activation barrier is obtained from 
the thermal fluctuations and follows the exponential distribution. The rates of forward 
and backward jumps of an atom into the neighboring vacancy are the same. This is the 
basic microscopic-diffusion mechanism. When a stress, such as a shear stress, is applied, 
the activation-energy barrier that the atomic jumps is biased in the stress direction. The 
number of forward jumps is larger than the number backward shown in the following 
Figure 1:5. This trend results in a net forward flux of atoms and forms the basic 
mechanism for a flow. If only a fraction of atoms jump, the shear-strain rate is the 
fraction of atoms that make forward jumps per second. The strain rate could be shown: 
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(fraction of potential jump sites)
(net number of forward jumps on each of those sites per second)
γ =
×
&
 
(1:21) 
The probability, p(v)dv, of finding an atom with a free volume between v and v + dv is 
calculated to be: 
( ) exp( )
f f
vp v dv dv
v v
α α= −  
(1:22) 
where α is a geometrical factor between 1/2 and 1, and vf is the average free volume of an 
atom. In order for an atom to be on a potential jump site, its free volume must be larger 
than v*, the effective hard-sphere size of the atom. The total probability that an atom is on 
a potential jump site is: 
*
*
exp( ) exp
v
f f f
v vdv
v v v
α α α∞ ⎛ ⎞− = −⎜ ⎟⎜ ⎟⎝ ⎠∫  
(1:23) 
∆f could be used to describe the flow inhomogeneity. For a homogeneous flow, all the 
atoms contribute to the flow, ∆f = 1. For an inhomogeneous flow, the plastic flow 
concentrates in a few very thin shear bands, ∆f << 1. The fraction of potential jump sites 
could be shown: 
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f
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v
α⎛ ⎞Δ −⎜ ⎟⎜ ⎟⎝ ⎠
 
(1:24) 
The shear stress exerts a force to τa on an atom, where a is the projected area of the atom 
onto the plane of shear. When this atom makes a jump of length, λ, the work is τaλ. λ is 
roughly equal to an atomic diameter. Thus, the work done is τΩ where Ω is the atomic 
volume. The net number of forward jumps per second can now be calculated as the 
difference between a forward flux over an activation barrier, ∆Gm + ∆G/2, and a 
backward flux over an activation barrier, ∆Gm - ∆G/2. The net number of forward jumps 
per second per potential jump site is shown: 
/ 2 / 2exp exp
m mG G
kT kT
τ τυ ⎡ ⎤⎛ ⎞ ⎛ ⎞Δ − Ω Δ + Ω− − −⎢ ⎥⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎣ ⎦
 
(1:25) 
where v is the frequency of the atomic vibration (Debye frequency). Substituting 
Equations (1:24) and (1:25) into (21) gives the strain rate description: 
*
exp 2 sinh exp
2
p m
f
Gf
t v kT kT
γ αυ τγ υ⎡ ⎤ ⎡ ⎤∂ Ω Δ⎛ ⎞= = Δ − −⎢ ⎥ ⎜ ⎟ ⎢ ⎥∂ ⎝ ⎠⎢ ⎥ ⎣ ⎦⎣ ⎦
&  
 (1:26) 
 This is the general flow equation. For a homogeneous flow (∆f = 1) at low stress 
levels (τΩ << kT), this equation leads to Newtonian viscous behavior, and the viscosity 
expression can be derived: 
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(1:27) 
The diffusion coefficient in a three-dimensional random walk process is defined as D = 
1/6Γλ2 where Γ and λ are the jump frequency and distance, respectively. Γ = (probability 
that an atom is on a potential jump site) × (number of jumps an atom on this site makes 
per second): 
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The diffusion coefficient: 
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 (1:29) 
The Stokes-Einstein equation could be obtained by combining Equations (1:27) and 
(1:29): 
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( )26 /
kTDη λ= Ω  
(1:30) 
1.2.1.2 Shear-Transformation-Zone Model (35) 
 In 1979, Argon proposed another plastic deformation mechanism in metallic 
glasses, in which some ideas of the free-volume theory have been used.(35) In the shear- 
transformation mode, the fundamental unit underlying deformation must be local atoms 
rearrangement that can accommodate shear strains called a 'local inelastic transition' or a 
'shear-transformation zone (STZ)'. The STZ is a local cluster of atoms that undergoes an 
inelastic shear distortion from one relatively low-energy configuration to a second low- 
energy configuration by the applied stress with the assistance of thermal fluctuations. 
There are two modes of thermally-activated shear transformations initiated around the 
free-volume region. At high temperatures (0.6Tg < T < Tg), the transformation is a diffuse 
rearrangement producing a relatively small local shear strain in a roughly-spherical 
region. At low temperatures (T < 0.6Tg), the transformation is in a narrow disk-shaped 
region and resembles closely the nucleation of a dislocation loop. 
High-temperature mechanism: At a temperature below Tg, the free-volume state of the 
structure remains largely frozen. In this range, the deformation is of an iso-configuration 
and a large strain plastic flow is governed by the kinetics of the rearrangement of atoms 
in regions around free-volume sites. To compute the specific form of the activation 
process, it is assumed that the binding is largely metallic, the shear resistance of the 
structure across a plane resembles that of a close-packed metal, and a good representation 
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of this resistance can be substituted by a skewed sinusoidal curve shown in Figure 1:6. 
Furthermore, for an operational ease, the linear and discontinuous form replaces a 
smoothly varying skewed sinusoidal resistance. 
 The important parameters include: the interlayer shear resistance is the initial 
slope, which it is taken to be equal to the shear modulus, μ, of the metallic glass, the ideal 
shear resistance, τ, and the period, d is taken to be equal to the nearest neighbor distance 
given by the position of the first peak in the radial-distribution function. The flow unit is 
taken as a region of volume, Ωf, consisting of a free-volume site and its immediate 
surroundings. It is assumed that under an applied shear stress, σ, a relatively diffuse 
internal rearrangement of atoms around the free-volume site occurs as shown in Figure 
1:7 and results in a local shear strain of γ0 in this region. In a shear transformation of this 
type, a spherical region of size, Ωf, leads to the increment of the elastic-strain energy, ∆ε, 
stored partly inside and partly outside the region in: 
( ) 20
7 5
30 1 f
υε μγυ
−Δ = Ω−  
(1:31) 
ν is Poisson’s ratio. The elastic-strain-energy increment is short lived, and that will be 
dissipated soon after the transformation, resulting in a loss of the memory for the initial 
state in the first region. The shear-strain rate could be given: 
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The effect of a ‘back flux’ of a reverse transformation is also incorporated. νG is the 
normal-mode frequency of the flow unit along the activation path. α is the numerical 
constants, and the steady-state volume fraction of flow units contributes to the plastic 
flow. The strain rate could be rewritten as: 
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(1:33) 
τ/μ is the ideal elastic-shear strain at which the ideal shear strength is reached.  
 The strain-rate-sensitivity exponent is defined as: 
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(1:34) 
Low-temperature mechanism: According to the Bragg experiment and computer 
simulation, the shear transformation at high stresses becomes more intense but narrow 
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down to a region between two short rows of 4-6 atoms around a free-volume site shown 
in Figure 1:8. This process is similar to the nucleation of a dislocation loop that does not 
expand. This trend could be expected that high stresses permit the attainment of larger 
local shear strains in small regions around free-volume sites. The energetically-favored 
transformation configuration is in the shape of a thin disk containing the shear- 
transformation direction in its plane. The elastic-strain-energy increment, ∆ε, due to the 
transformation is that of a circular dislocation loop with a radius of R: 
( ) ( )
( )
2 2 4ln 2
4 1
x R R
d
μ υ αε υ
Δ − ⎛ ⎞Δ = −⎜ ⎟− ⎝ ⎠  
(1:35) 
∆x is the relative shear displacement across the plane of the loop between a stable and an 
unstable equilibrium position of the configuration under the combined effect of the 
applied stress.  The shear resistance of the structure, d, is the nearest neighbor distance in 
the glass. The plastic-flow-strain rate becomes: 
*
expG
G
kT
γ γ ⎛ ⎞Δ= −⎜ ⎟⎝ ⎠
& &  
(1:36) 
∆G* is the activation energy under a large applied shear stress, and Gγ&  has a very similar 
composition and magnitude as the pre-exponential term for the high-temperature 
mechanism.  
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 The classical free-volume model considers the deformation as a series of discrete 
atomic jumps in the glass. These jumps are obviously favored near sites of a high free 
volume because of the diffusion-like characteristics of the process. The characteristic 
energy is of the order to the activation energy for diffusion, ~ 15 - 25 kTg. The STZ 
activation energy corresponds to a subtle redistribution of many atoms over a diffuse 
volume. The lower end of the range for the expected energy of an STZ operation is 
similar to the characteristic energy of a free-volume model. The activation energy in the 
free-volume model corresponds to a more highly localized atomic jump into a vacancy in 
the glass structure. Since the deformation is driven by the local diffusion-like jumps, the 
pressure gradient or normal stress could affect it. The free-volume model introduces a 
simple state variable to the problem of the glass formation and allows constitutive laws to 
be developed on the basis of competing the free-volume creation and annihilation through 
a mechanism model. The STZ model could occur homogeneously throughout a glass 
body. However the free-volume model causes the localized deformation. Although the 
macroscopic-mechanism responses are different, the deformation mechanism is, at least 
nominally, the same. The atomic-level mechanisms, including STZ and free-volume 
models, form the basis for a more quantitative understanding of metallic deformation. 
1.2.2 Elastic deformation 
 In general, the potential energy between two atoms can be described by:(37) 
mnij r
B
r
AU +−=  
(1:37) 
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where Uij and r are the energy and the distance between i and j atoms, respectively. A, n, 
B, and m are constants. Two energy terms come from an attractive and repulsive 
interaction and can be schematically represented as in Figure 1:9a. An equilibrium 
position is achieved when Uij has a minimum value.  
 The relationship between the energy, U, and force, F, is: 
ij
ij
dU
F
dr
=  
(1:38) 
The forces that hold atoms together at the relative equilibrium locations can also be 
divided into the attractive force and the repulsive force.  Under the equilibrium condition, 
atoms reside at r = r0, where U is a minimum, and F is zero shown in Figure 1:9b. 
 The stiffness, S, of the bond is defined as the slope of the F-r curve. The elastic 
modulus is proportional to the stiffness and shown in Equation 1:39: 
2
2  
d UModulus S
dr
∞ =  
 (1:39) 
From the slope change of the force versus distance in Figure 1:9b, the modulus will 
decrease as the inter-atom distance increases. Generally, BMGs are elastically isotropic. 
There are two independent elastic constants, including Young's modulus, E, and Poisson's 
ratio, ν. From a more fundamental viewpoint, it is useful to consider the bulk modulus, B, 
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and shear modulus, μ, representing the response to hydrostatic and shear stresses, 
respectively. The bulk modulus involves the bond stretching or compression only, while 
the shear modulus involves the bond distortion. Similar to crystals, a bulk modulus 
increases with increasing the curvature of the inter-atomic potential energy well and 
decreases with the increasing equilibrium separation between atoms. BMGs have a 
slightly less density than its crystalline counterpart. The density difference is about 0.5 - 
2.5%. Thus, on average, the inter-atomic spacing is slightly larger in a glass. Assuming 
that the short-range order and cohesive force are not significantly different between two 
structures, the bulk modulus of BMGs is less than that of its counterpart. The bulk 
modulus of BMGs is typically about 6% smaller than for crystalline alloys of similar 
composition. The response of BMGs to shear stresses is significantly different from that 
of crystals. Shear modulus and Young's modulus of BMGs are about 30% smaller than in 
the corresponding crystals. The local environment that influences the atomic 
rearrangement in response to shear stresses causes the difference. BMGs have a wider 
range of atomic environments and less dense structures, which is beneficial for the 
macroscopic elastic strain.  
1.2.3 Plastic deformation  
 The plastic deformation of BMGs is through the operation of STZs and the 
redistribution of the free volume. The temperature, time, stress, applied strain rate, and 
the glass condition affect it. From the time and space, the local mechanistic events can be 
divided into the homogeneous and inhomogeneous deformation. The homogeneous 
deformation could be divided into the steady-state flow without the structure change and 
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non-steady state flow with the structure change during the deformation process, shown in 
Figures 1:10 and 1:11, respectively. Constitutive laws for the homogeneous deformation 
of BMGs become non-Newtonian at high stresses and high strain rates from the 
Newtonian flow shown in Figure 1:10. This kind of transition could also appear by 
decreasing the temperature. The deviation from the Newtonian behavior is corresponding 
to the decrease of the rate sensitivity and flow stability.(38) 
 At very high stresses and lower temperatures, BMGs deform through localization 
processes called an inhomogeneous flow. There are many strain-softening mechanisms, 
including the local production of the free volume due to the plastic flow, the local 
evolution of a structural order due to STZ operations, the redistribution of the internal 
stresses associated with the STZ operation, and the local heat generation. These kinds of 
strain-softening mechanisms lead to the stress decrease in the load versus displacement 
curve.  Besides the strain softening, the shear localization leads to the formation of the 
serration in the load vs. displacement curve. During the displacement-controlled 
experiment, the serrations are represented as load drops. During the load-controlled 
experiment, the serrations are represented by the displacement bursts shown in the Figure 
1:12. The shear localization could result in the formation of shear bands corresponding to 
the serrated flow. The typical shear bands under bend and compression tests could be 
shown in Figure 1:13. The formation of shear bands (an inhomogeneous flow) has 
important practical consequences for the strength, ductility, toughness, and eventual 
application of BMGs.(39-40) 
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 Much of the early work on shear bands involved the interaction about their 
structures and properties from macroscopic observations. During cyclic-polarization 
experiments, shear bands subjected to the chemical attack are more readily than the 
surrounding un-deformed materials.(43) During the mechanical-property experiments, 
deformation continues on the same shear bands that were previously active. Annealing 
below Tg eliminates both of these effects, and also makes possible greater degrees of the 
plastic deformation by repeated rolling-annealing cycles.(44) These phenomena could be 
explained by the free-volume model, and the disruption of the atomic short-range order 
inside the shear bands. The direct structural characterization of shear bands is desirable. 
Transmission-electron-microscopy (TEM) observations indicate that the thickness of 
shear bands are only 10-100 nm,(45-50) which is quite small in comparison with 
adiabatic shear bands in crystalline metals, which are typically 10 - 100 μm.(51) From the 
structural change, there is abundant experimental evidence that homogeneous and 
inhomogeneous deformation is accompanied by the significant shear-induced dilation of 
the structure. This dilatation is usually considered as a contribution to the plastic flow by 
the reducing viscosity. The most straightforward evidence for dilation comes from 
measurements of density changes of metallic-glass specimens after the plastic 
deformation. Density decreases of about 0.1 - 0.2% have been observed from the 
extensive inhomogeneous deformation of wire drawing and rolling.(52-53) These 
observed values are large compared with those experienced by crystalline alloys, which 
typically show only ~ 0.01% dilatation due to the plastic deformation but small in 
comparison to many polymers. As it commonly assumed, if deformation and, thus, 
dilatation are restricted to the shear bands, then by making reasonable approximations as 
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to the number density and thickness of shear bands, the dilatation inside the shear bands 
must be very large ~ 10%. It is interesting to note that if the stored plastic-strain energy in 
metallic glasses is similarly ascribed only to the shear bands, the resulting strain-energy 
density is also quite high.(54) Together, these observations raise the possibility that the 
plastic deformation, even in the inhomogeneous region, may not be restricted to the shear 
bands, or shear bands are more diffuse than usually thought. The free volume can be 
measured indirectly but quantitatively by studying structural relaxation near the glass 
transition using diamond-scanning calorimetry (DSC). The measurements show an 
increase in the free volume with increasing the degree of the inhomogeneous deformation 
consistent with the dilatation measurements. Positron-annihilation techniques are 
powerful tools for studying open volume regions in solid materials. The technique on 
metallic glasses shows that the plastic deformation resulted in an increase in the positron 
lifetime, consistent with a greater degree of the open volume.(55) High-resolution TEM 
could also be performed on the individual shear bands. Jiang and Atzmon reported that 
excessive free volumes formed in shear bands on the initially tensile side of ribbons by 
bending followed by unbending, but no voids on the initially compressive side of the 
same ribbons. This trend indicates that the hydrostatic component of stress affects the 
void nucleation. Besides the increase of the free volume in the shear bands, another 
structure change in the shear bands is the formation of nano-crystalline phases. The 
mechanism of crystallization in shear bands is debatable. It is possible that localized 
heating of the shear bands causes crystallization.(56) However, Demetriou and Johnson 
pointed out that elevated temperatures alone are not a sufficient explanation, because the 
driving force for nucleation decreases with increasing temperature.(57) If there are no 
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pre-existing nuclei to grow, it is not clear that the rapid heating and cooling inside a shear 
band allow sufficient time for nucleation and, thus, crystallization. Again, the thickness 
of shear bands is important because the strain rate and the thermal conductivity of the 
alloy determine the time scale available for the crystallization.(57) 
1.2.4 Deformation map 
 The plastic deformation could be shown in the deformation map, based on the 
different deformation mechanisms. Spaepen first constructed a deformation map for a 
metallic glass in 1977 on the basis of the free-volume-deformation theory shown in 
Figure 1:14.(33) 
 The enlarged portion of the empirical deformation map shows the boundary 
between the homogeneous and inhomogeneous regions. The bottom data of the diagram 
are obvious all in the homogeneous-deformation region. The top data of the diagram are 
in the inhomogeneous deformation region. From this deformation map, it could be drawn 
that the temperature affects the inhomogeneity of the deformation of metallic glasses. A 
high temperature contributes to the homogeneous deformation, and, a low temperature 
contributes to the inhomogeneous deformation. The transition temperature is affected by 
the viscosity. Meanwhile, the viscosity is affected by the strain rates. Thus, the transition 
temperature from the inhomogeneous to homogeneous deformation should be affected by 
the strain rate during deformation process. 
 In 2004, Schuh and Nieh did nano-indentation tests.(58) The load-depth (p - h) 
curves are obtained at different temperatures and rates. The resulting non-dimensional 
quantity, hdiscrete/hplastic, gives the fraction of the plastic deformation that can be attributed 
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to discrete pop-in events for a given indentation. This parameter is an index of the flow 
serration, being zero for a perfectly-homogeneous flow and unity for a perfectly-discrete 
deformation. The flow-serration index can be divided into three categories corresponding 
to heavily-serrated, moderately-serrated, and lightly-serrated (homogeneous) flows, 
respectively. The deformation map for Pd-Ni-P and Mg-Cu-Gd metallic glasses is built 
up according to the flow serration index shown in Figure 1:15. In this deformation map, 
three distinct regimes of the flow characters could be observed. The lower right-hand 
corner of the map shows the homogeneous flow (Homogeneous I) at high temperatures 
near Tg. This regime gives away to a serrated flow as the temperature is reduced, or as the 
strain rate increases. This behavior is expected on the basis of prior experiments and 
theory to the glass deformation, and represents the transition from a viscous flow to shear 
banding similar to the deformation in Spaepen.(33) The homogeneous-II regime is 
observed at high strain rates for all of temperatures, although its boundary with the 
‘inhomogeneous’ regime is clearly temperature dependent. This regime represents the 
nominally unexpected homogenization of flows at high deformation rates.  
 Although Schuh gave the explanation about the second homogeneous deformation 
regime, the physical plausibility has been debated because the inhomogeneous stress field 
under a nano-indenter. Jiang did the investigation of the strain-rate effect on the plastic 
deformation at room temperature under compression tests using small length/diameter 
(l/d) ratio.(59-60) It is observed that the at high strain rates, the flow serration in the 
compression stress-strain curves is smoother, which is in agreement with Schuh p-h 
curves. It looks like that the plastic deformation of metallic glasses at high strain rate 
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trends to be homogeneous. However, the ex-situ shear-band observations show that the 
number of shear bands at high strain rates is fewer, and the shear-band spacing is larger, 
which is defined as coarse shear bands. The number of shear bands at low strain rates is 
more, and the shear-band spacing is smaller, which is defined as fine shear bands. From 
this viewpoint, the deformation at high strain rates trends to be more inhomogeneous in 
space, which is opposite to the deformation map of Schuh.  Jiang further investigates the 
stress-time curve. It is observed that within the same time period for different strain rates, 
more shear bands happen at high strain rates. From this viewpoint, the deformation at 
high strain rates trends to be more homogeneous in time, which is in agreement with 
Schuh’s deformation map. The inhomogeneity of deformation generally is indicated by 
the inhomogeneity in space. Hence, the Homogeneous II in Schuh’s deformation map is 
superficial. The new revised deformation map is drawn in Figure 1:16 by Gao.(61) 
1.2.5 Constitutive law of the inhomogeneous deformation  
 The formation of shear bands is a kind of materials instability. The Hill-
Hutchinson-Rice theory could show how the materials instability occurs shown in the 
Figure 1:17.(61) When the stress reaches the peak stress, the stress increment should be 
negative as the applied strain increases. This trend can be achieved by the entire solid 
following the softening branch or by a scenario in which a thin plate further deforms 
plastically but the surrounding material experiences elastic unloading. Assume that the 
hardening branch has a material tangent, μ, and the softening branch has a material 
tangent, μ*. The shear deformation can be written as: 
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Δ Δ− − = Δ  
  (1:40) 
when 0τΔ < , the condition for a stable solution is * w
w
μμ λ< − . The two points, A and B, 
in Figure 1:17 are the two bifurcation points. During the plastic deformation, the strain 
inside the shear bands jumps from A to B, and that outside the shear band follows the 
elastic-unloading path. If the shear band width, w, is infinitesimally small, the onset of a 
shear band occurs at the peak stress. The general theory of the bifurcation of a 
homogeneous elastic-plastic-flow field into a band of localized deformation is developed 
from the works of Hill, Hutchison, and Rice.(61) It is supposed that the localization 
occurs in a thin planar band of a unit normal, n, the velocity gradient field, vij, inside the 
band, and vij0, outside the band are different because of the kinematical restriction, which 
is shown in Equation 1:41: 
0
ij ij i ig nυ υ− =  
(1:41) 
The continuing equilibrium requires: 
0 0i ij j ijn nσ σ− =& &  
(1:42) 
at an incipient localization, where ijσ&  is the stress rate within the band, and 0ijσ&  is the 
stress rate outside the band. The constitutive relation in a rate form is given by: 
,
ep
ij ijkl k lCσ υ=&  
(1:43) 
Combining the three equations above: 
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( ) 0epi ijkl kn C g =  
(1:44) 
To obtain the nontrivial solution, the determinant of the coefficient matrix must be zero. 
( ),det 0e p nn C• =  
(1:45) 
 Based on the Hill-Hutchinson-Rice Theory and Free-volume model of metallic 
glasses, Gao generalized the Spaepen's free-volume model to be a small strain, J2-type, 
viscosity plasticity, and affected by the pressure. The characteristic time scale is given by 
* 1 exp
m
B
Gt f
k T
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. The strain rate can be decomposed into an elastic, eijε& , and a 
plastic, pijε& , parts: 
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(1:46) 
According to the Hook's law: 
1
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(1:47) 
where 0ijδ =  when i j≠  and 1ijδ =  when i j= . The repeated subscripts imply the 
summation convention. ν is Poisson’s ratio, and E is the Young’s modulus. 
The flow equation: 
0
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(1:48) 
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The deviatoric stress tensor is / 3ij ij kk ijS σ σ δ= − , and its J2 invariant is the Misses stress, 
3 / 2e ij ijS Sσ = . 
The free-volume evolution: 
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(1:49)  
where 0
2 Bk Tσ = Ω  is the reference stress, 
*υβ = Ω , and *ff
v
vυ α=  is the normalized 
free volume.(61-62) 
1.3 Fracture 
 The high strength of BMGs is often accompanied by the remarkably little plastic 
deformation, and their fracture mechanisms are quite different from crystalline materials. 
In general, the plastic deformation of BGMs is localized in the narrow shear bands, 
followed by the rapid propagation of these shear bands and sudden fracture. However, the 
fracture is affected by the loading modes.(63-70) 
1.3.1 Fracture under static loading  
 The compression stress-strain curves are shown in Figure 1:18a. It can be seen 
that the metallic-glass samples display an initial elastic-deformation behavior, and then 
begin to yield at about 1.45 GPa, followed by the fracture. Obviously the metallic glass 
can deform with certain plasticity under a compressive load. The compressive fracture 
stress, σFC, reached 1.69 GPa. The yield stress, fracture stress, and the plastic strain are 
not significantly affected by the applied strain rate. Figure 1:18b gives the tensile stress-
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strain curves. All the specimens display only an elastic deformation and catastrophic 
fracture without yielding. The fracture stress, σFT, maintains a constant value of 1.56 - 
1.60 GPa, independent of the strain rate. The average fracture stress is 1.58 GPa, which is 
lower than the compression fracture stress. 
 The fracture surface under compression always occurs in a shear mode shown in 
Figure 1:19. It is found that the angle between the stress axis and the compressive 
fracture plane is ~ 43o shown in Figure 1:19a. The fracture surface is a vein pattern 
displaying a typical shear-fracture feature shown in Figures 1:19b and c. The shear bands 
are observed on the sample surface shown in Figure 1:19d. The fracture surface under 
tension displays the mixed fracture with the Mode I due to the normal stress and Mode II 
because of the shear stress. It is found that the angle between the stress axis and the 
tensile fracture plane is ~ 54o shown in Figure 1:20a. Besides the vein-like pattern, there 
are many round cores with different diameters on the whole surface shown in Figures 
1:20b and c. The round cores are caused by the normal tensile stress. The vein-like 
patterns are caused by the shear stress. The shear bands could be observed on the sample 
surface. However, the density of shear bands under tension is lower than that under 
compression shown in Figure 1:20d.  
 A possible fracture criterion for the metallic glass under compressive and tensile 
loads could be shown in Figure 1:21. It is assumed that there is critical stress, τ0, regarded 
as the critical shear stress without a normal stress. Then the critical shear-fracture stress 
under a compressive stress could be shown: 
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    0C C Cτ τ μ σ= +        
(1:50a) 
Cμ  is a constant for the metallic glass. The critical shear-fracture stress under a tension 
stress could be shown: 
0T T Tτ τ μ σ= −  
(1:50b) 
Cμ  is another constant for the metallic glass. According to the shear-fracture criterion, 
the critical shear-fracture conditions for metallic glasses could be obtained. For a 
compressive stress,  
0
C C
Cθ θτ τ μ σ≥ +  
(1:51) 
C
θσ  and Cθτ  are the normal and shear stresses on the shear plane at a compressive 
fracture, respectively, shown in Figure 1:22.   
2sinC CFθσ σ θ=  
(1:52) 
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sin cosC CFθτ σ θ θ=  
(1:53) 
For the tensile stress shown in Figure 1:22, 
0
T T
Tθ θτ τ μ σ≥ −  
(1:54) 
2sinT TFθσ σ θ=  
 (1:55) 
sin cosT TFθτ σ θ θ=  
 (1:56) 
It is further derived that: 
[ ]0sin cos sinCF C
τσ θ θ μ θ≥ −  
(1:57a)  
[ ]0sin cos sinTF T
τσ θ θ μ θ≥ +  
 (1:57b) 
  36
It is apparent that the fracture stresses ( CFσ  and TFσ ) are strongly dependent on the 
shear angle, θ. There is a minimum value of the two fracture stresses at the angles of 43o 
and 54o for the compressive-fracture stress and the tensile-fracture stress, respectively 
shown in Figure 1:23. The minimum stress under compression is higher than the 
minimum stress under tension, which corresponds to the higher compression strength.  
 The critical yield stresses on the compressive and tensile fracture planes could be 
calculated from: 
sin cos 0.73 C CY Y C C GPaτ σ θ θ= =  
(1:58a) 
sin cos 0.75 T TY Y T T GPaτ σ θ θ= =  
(1:58b) 
 The yield shear stresses on the fracture plane under compressive and tensile 
stresses are nearly the same. However, due to the difference in the deformation modes, 
the normal tension stress will promote the fracture of metallic glasses, which results in 
the simultaneous occurrence of yield and tensile fracture. The normal compression stress 
can restrain the activation of shear bands. The fracture of metallic glasses occurs by the 
propagation of shear bands and the formation of new shear bands, which leads to the 
better ductility under compression.(71-73) 
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1.3.2 Fatigue failure under cyclic loading 
 The typical fatigue failure under tension-tension cyclic loading generally includes 
four regions: crack initiation, propagation, fast-fracture, and melting regions, shown in 
Figure 1:24. The fracture surface is basically perpendicular to the loading direction, 
which is an open mode (Mode I) fracture. Several crack-initiation sites on the notched 
surface are shown in Figure 1:24a. A fatigue crack originates and propagates towards the 
inside of the specimen. There are many fatigue striations caused by the fatigue-crack 
blunting and re-sharpening in the fatigue-propagation region shown in Figure 1:24b. The 
fast-fracture region is a vein pattern with an equal size in all directions, which is in 
agreement with the open-mode fracture shown in Figure 1:24c. As the loading area 
decrease, fracture happens and the stored elastic energy will be released abruptly. The 
temperature increases are high enough to melt the materials. Thus, a melting region with 
some droplets is observed shown in Figure 1:24d.(74-79) 
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CHAPTER 2: EXPERIMENTAL PROCEDURES 
2.1  Sample preparation 
2.1.1 (Zr55Al10Ni5Cu30)99Y1 BMGs 
 (Zr55Al10Ni5Cu30)99Y1 BMGs were prepared from high-purity Zr, Al, Ni, Cu, and 
Y raw materials by arc melting under a Ti-gettered argon atmosphere. The master-alloy 
ingots were remelted several times in order to obtain the homogeneous chemical 
composition. The BMGs were fabricated by injection-casting the master alloy into a 
copper mold. The copper mold is water-cooling, and the cooling rate is ~ 10 – 100 K/s. 
The samples with 3 mm × 3 mm × 75 mm square bars could be fabricated. This 
(Zr55Al10Ni5Cu30)99Y1 BMGs is used to study the strain rate effect on the deformation 
behavior of BMGs under static loading.(1) 
2.1.2 Cu45Zr47.5Ag7.5 BMGs 
 Cu45Zr47.5Ag7.5 BMGs were prepared from high-purity Cu, Zr, and Ag raw 
materials by arc melting under a Ti-gettered argon atmosphere shown in Figure 2:1.(2) 
The BMGs samples were obtained by suction casting the master alloy into a copper mold. 
The samples with 3 mm × 3 mm × 75 mm square bars could be obtained. It will be used 
to investigate the strain-rate effect on the deformation behavior under static loading.   
2.1.3 Zr50Al10Cu37Pd3 BMGs 
 Zr50Al10Cu37Pd3 BMGs are prepared using a ladle-hearth type arc-melt tilt casting 
technique since the sample size is large enough. The master-alloy ingots were also 
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prepared by arc-melting mixtures of high-purity of Zr, Al, Cu, and Pd in a Ti-gettered 
argon atmosphere. The cast rod sample of 8 mm in diameter and 60 mm in length was 
fabricated by a tilt-casting technique in an arc furnace via a pseudo-floating-melt state 
before casting to obtain a completely melted state. The compression-compression fatigue 
samples were centerless grounding from 8 mm to ~ 5 mm.(3)  
2.1.4 (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs 
 The preparation of (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs is a somewhat different, 
since the melting temperature of Nb is very high and difficult to obtain the homogeneous 
chemical composition if all the elements were melted together directly. Thus, a master- 
alloy ingot was prepared by melting Zr and Nb together first, and the resulting binary 
alloy ingot was, then, melted together with Ni, Cu, and Al. The dimension of this material 
is 2 mm × 6 mm × 75 mm. There are some nano-cyrstalline phases in the metallic-glass 
matrix. (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs are used to study the fatigue deformation and 
failure mechanism under four-point-bend cyclic loading and fatigue softening.(4) 
2.2  DSC 
 The differential-scanning calorimetry (DSC, Perkin-Elmer DSC7) was used to 
characterize BMGs thermal properties. DSC was run two times for each specimen from 
323 to 873 K in an argon atmosphere at a heating rate of 20 K/min. The second scan was 
considered as a base line, and any thermal effect from the structural evolution during 
heating was investigated.  
 By comparing the DSC curves for the sample before and after deformation with 
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different strain rates, the free volume and crystalline heat release could be obtained, 
which could be related to the free-volume increase and crystallization phase formation 
during the plastic deformation process of metallic glasses.  
 According to the DSC curves, the glass-transition temperature, crystallization 
temperature, and peak temperature of the investigated samples could be obtained. DSC 
could also be used to study the crystallization kinetics of metallic glasses during the 
continuous and the iso-temperature heating. According to the change of the typical 
temperatures with different heating rates, the activation energy could be calculated. 
According to the crystallization volume fraction at different times and various 
temperatures, the Avrami exponent could be calculated. The activation energy and the 
Avrami exponent are directly related to the thermal stability of metallic glasses during the 
continuous heating and iso-temperature crystallization, respectively. 
2.3  X-ray diffraction 
 A Philips X’pert X-ray diffract-meter is used to characterize the structure of a 
metallic glass using Cu Kα of 1.542 Å. If there is only a broad peak, it is considered as a 
glass state. If there are some sharp peaks superimposed on the broad peak, it is 
considered as the metallic-glass composite. If there are only sharp peaks, it is considered 
as the crystalline materials. 
2.4  Synchrotron diffraction 
 Although X-ray could give the structure information of metallic glasses, it is not 
accurate if the crystalline phases are less than 5%. High-energy X-ray diffraction 
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(Synchrotron diffraction) could be used to further prove the glass state of the samples 
shown in Figure 2:2. The classical synchrotron-diffraction pattern for metallic glasses has 
two peaks, corresponding to the first neighbor and the second neighbor ordering, 
respectively. 
2.5  TEM/HRTEM 
The thin film specimens for TEM/HRTEM were prepared by the electro-chemical 
polishing with the nitric acid ethanol at about 250 K. A JEOL 2010 F model high-
resolution transmission-electron microscopy (HRTEM) with an accelerated voltage of 
200 kV was used to investigate the microstructure of BMGs.  
2.6  SEM 
 The fracture surfaces and the shear-band formation of selected specimens were 
examined, using a Leo 1526 SEM with the energy-dispersive spectroscopy (EDS) to 
study deformation and fracture mechanisms.  
2.7  Compression tests 
 The cast rods were cut to produce compression samples with an aspect ratio 
(length/diameter) of 1:2 for the investigation of the strain-rate effect on the deformation 
behavior of BMGs and 2:1 for fatigue-softening study. The ends of the samples were 
lapped and polished to ensure the parallelism. Since the strength of BMGs is very high, 
the SiC is attached on the grip system to avoid the penetration.  
 A computer-controlled MTS 810 materials test-system servo-hydraulic 
mechanical-testing machine was used for the compression tests. The machine was aligned 
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prior to use. Strain was recorded using a MTS extensometer. The compression tests were 
performed in a constant displacement rate. Because the amount of deformation is small, it 
is assumed that a strain rate is constant during compression, and an average strain rate is 
used. Single compression is used in the fatigue-softening investigation and several 
repeated loading processes, i.e., loading, unloading, and reloading were utilized for the 
strain-rate effect on the deformation behaviors of BMGs.  
2.8 Fatigue tests 
The square-bar sample with 2 mm × 2 mm ×25 mm was used for four-point- 
bend fatigue. In order to avoid the surface effect and observe the shear bands, the four 
surfaces were polished using a P 4,000/1,200 grit SiC paper. The grip system was just the 
same with the three and four point-bend fatigue with the crystalline materials.  
The cylinder sample with a length/diameter ratio equal to ~ 2:1 was used for 
compression-compression fatigue. The ends of the samples were lapped and polished to 
ensure the parallelism similar to compression samples. The grip system for the 
compression-compression fatigue was the same as the compression test using the SiC 
attached to the high-strength steel. 
A MTS 810 was employed for fatigue studies. Samples were tested at various 
stress ranges with an R ratio (the ratio of the minimum stress/the maximum stress) of 0.1 
under a load-control mode, using a sinusoidal waveform at a frequency of 10 Hz. Upon 
failures or 107 cycles, samples were removed for later examinations by SEM. The 
maximum stress corresponding to the un-failed sample after the fatigue life reached 107 
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cycles is defined as the fatigue-endurance limit.  The stress-life curves could be 
developed according to the relationship between the fatigue stress and life.  
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CHAPTER 3: STRAIN-RATE EFFECTS ON DEFORMATION 
BEHAVIOR OF (ZR55AL10NI5CU30)99Y1 BMGS  
3.1 Introduction 
 There are many dislocations in the crystalline materials, which are formed during 
the cooling process from the liquid to solid state. During large plastic deformation, the 
dislocations can be generated, and the dislocation density could increase significantly. 
Thus, the force for the further plastic deformation will increase, which causes strain 
hardening. For the normal face-centered-cubic materials, the strain-hardening coefficient 
could be very large. It is about 0.45 for an austenite stainless steel, which has very good 
ductility.(1) As the grain size becomes small, the dislocation effect will decrease. When 
the grain size reaches a nano scale (~ 20 nm), the grain boundary becomes dominant 
during the plastic deformation. The strain-hardening phenomenon will be very weak. The 
stain-hardening coefficient could be lower than 0.1, which makes nano-materials to be 
relatively brittle.(2-4) If the grain size continuously become finer and reach 1 - 2 nm, the 
materials are considered to be amorphous materials.(5) Metallic glasses are a kind of 
amorphous materials. There are no dislocations and grain boundaries. Thus, there is no 
any strain-hardening mechanisms in the metallic glasses. The strain- hardening 
coefficient could be zero and even sometimes negative. Thus, the high-purity metallic-
glass materials only show the elastic deformation or very limited plastic deformation 
under un-constrained conditions. The plastic deformation mainly concentrates in the very 
thin shear bands surrounded by the un-deformed materials. The shear-band operation is 
affected by the temperature, time, and strain rates.(6-10) In this chapter, the effects of the 
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strain rates on the deformation and shear-band operation of metallic glasses are 
investigated. The large plastic deformation is obtained by the small length/diameter (L/D) 
ratio to be 1/2. For such small samples, the shear-band propagation is stopped by the grip 
of the MTS machine.  
3.2 Results and discussions 
3.2.1 Engineering stress-strain curves  
 In the repeated loading-unloading-reloading compression tests with the same 
strain rate for the loading and reloading processes, the mechanical behaviors of the 
(Zr55Al10Ni5Cu30)99Y1 metallic glass show somewhat strain softening. A decrease of ~ -
10 MPa, and ~ -28 MPa in the nominal flow stress at the strain of ~ 20%, accompanied 
with the strain rates of the 5 × 10-4 /s and 10-2 /s, respectively shown in Figure 3:1. 
 According to Spaepen’s free-volume model, during the inhomogeneous 
deformation, the materials in the shear bands undergo some structural change that leads 
to a local viscosity decrease. The structural change is a net result of two competing 
processes including: shear-induced disordering leading to the free-volume creation and 
diffusion-controlled reordering process, resulting in the free-volume annihilation. The 
creation of a free volume at high stress levels could be expressed by Equation 3:1:(11) 
* *2 cosh 1 exp exp
2
m
f
f f
v kT G vv N
v S kT kT v
α τ αυ+ ⎛ ⎞⎛ ⎞⎡ Ω ⎤ Δ⎛ ⎞∇ = − − −⎜ ⎟⎜ ⎟⎜ ⎟⎢ ⎥ ⎜ ⎟⎝ ⎠⎣ ⎦ ⎝ ⎠ ⎝ ⎠
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α is a geometrical factor between 1/2 and1, and vf is the average free volume of an atom, 
v* (above which no free volume is created.), k is Boltzmann constant, T is temperature, S 
is 2 1
3 1
υμ υ
+
− , τ is the shear stress, Ω is the atomic volume, N is the total number of atoms, ν 
is the atom-jumping frequency, and ∆Gm is the free energy for the atom jump without a 
shear stress. The annihilation of free volumes resulting from a series of diffusion jumps 
could be expressed by Equation 3:2: 
* *
exp exp
m
f
D f
v v Gv N
n v kT
αυ− ⎛ ⎞ ⎛ ⎞Δ∇ = − −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠
 
(3:2) 
nD is the number of diffusive jumps necessary to annihilate a free volume equal to v*. It is 
expected to be between 1 and 10. In a steady state, the amount of free volumes created is 
equal to the amount of free volumes annihilated: 
f fv v
+ −∇ = ∇  
* *2 cosh 1
2f D
v kT v
v S kT n
α τ⎡ Ω ⎤⎛ ⎞ − =⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦  
(3:3) 
Before the sample is loaded, the average free volume, vf, is set by the structure of a 
quenched metallic glass. At low stresses, the left term is smaller than the right term, that 
is to say, the extra free volume created by the stress can easily be annihilated by the 
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diffusion, and the average free volume stays at the initial value, vf. As soon as τ exceeds 
the value for which is obeyed, more free volumes are being created than can be 
annihilated. The free volume, vf, is set by the stress, τ. Equation 3:4 could be rewritten: 
1* *
cosh 1
2 2f D
v v S
v n kT kT
α τ −⎡ Ω ⎤⎛ ⎞= −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦  
(3:4) 
According to Equation 3:4, the average free volume will increase during the plastic 
deformation process. In fact, the increased free volume concentrates in shear bands 
because the shear stress along the shear bands has the maximum value.  
 The viscosity of a metallic glass can be described by Vogel-Fulcher-Tammman 
(VFT) model. In this model, the viscosity could be described by:(12-15) 
exp m
m f
bvh
v v
η ⎛ ⎞= ⎜ ⎟⎜ ⎟⎝ ⎠
 
(3:5) 
where vm and vf  are the atomic volume and mean free volume per molecular, respectively, 
and h is Plank's constant. This model assumes that the viscosity change of a liquid by the 
reduction or expansion of the mean free volume, vf, on cooling or heating. From this 
relationship, the viscosity along the maximum shear-stress plane will decrease.  
 The temperature dependence of the free volume is fitted as:(15) 
( ) ( )21 0 0 2fv C T T T T C T⎡ ⎤= − + − +⎢ ⎥⎣ ⎦  
(3:6) 
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where C1, C2, and T0 are three fitting parameters. It prevents the divergence of the 
viscosity at a finite temperature. According to the relationship between the free volume 
and temperature, the temperature will increase along the maximum shear-stress plane.  
 From the discussion above, during loading and when the shear stress is above the 
critical value, the free volume and temperature will increase in the shear bands along the 
maximum shear-stress plane. At the same time, the viscosity will decrease. The free- 
volume creation is dominant. During the unloading process, the stress will decrease, and 
the heat produced during the loading process will dissipate, which contribute to the free- 
volume annihilation. However, the free volume produced during loading cannot be 
annihilated completely, which is stored in the shear bands as the persistent plastic 
deformation. The pre-existing shear bands after loading have more free volumes and 
lower viscosity. Thus, the pre-existing shear band could be a preferential location for the 
nucleation of the new shear bands, which contributes to the stress decrease during the 
reloading process, which leads to the strain softening of the (Zr55Al10Ni5Cu30)99Y1 
metallic glass. 
3.2.2 Serrations in the plastic-deformation process  
 The explanation of strain softening of the (Zr55Al10Ni5Cu30)99Y1 metallic glass 
could be explained very well using the free-volume model.(11) The stress drop during the 
loading and reloading for the strain rate of 5 × 10-4 /s and 10-2 /s are ~ -10 MPa and ~ -28 
MPa, respectively.   
  The expression for the viscosity could be shown in Equation 3:7: 
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The viscosity is dependent on the strain rate and the shear stress. The yield stress and 
fracture stress of a metallic glass are not sensitive to the strain rates. It is assumed that the 
viscosity is more dependent on the strain rates. From Equation 3:7, the viscosity decrease 
during deformation with the high strain rate should be more significant than that with the 
low strain rate. The viscosity decrease could be reflected by the strength decrease. Thus, 
the stress decrease at the high strain rate during the loading and reloading process is 
larger than that at the low strain rate. 
 The amplified stress-strain curves are shown in Figure 3:2. It could be seen that 
the serration-stress-fluctuation ranges are 21 MPa and 15 MPa, for the strain rates of 
5×10-4 /s and 10-2 /s, respectively. It is generally assumed that the serration-stress- 
fluctuation range could describe the deformation homogeneity. Smaller serration-stress- 
fluctuation indicates a more homogeneous deformation. Thus, the amplified stress-strain 
curves could further prove the lower viscosity during the plastic-deformation process at 
the high strain rate.  
 The homogeneity of deformation could also be explained by ∆f. For the purely 
homogeneous deformation, ∆f = 1. For the purely inhomogeneous deformation, ∆f = 0. 
The strain rate could be shown in Equation 3:8:(11) 
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It is assumed that ∆f is affected by the strain rate. At the high strain rate, ∆f should be 
larger, which corresponds to be relatively more homogeneous and at the low strain rate, 
∆f should be lower, which corresponds to being relatively more inhomogeneous. This 
result is in agreement with the more smooth amplified compression stress-strain curves 
and lower viscosity at the high strain rate.  
3.2.3 Shear-band formation 
 The shear-band distribution after deformation with different strain rates are shown 
in Figure 3:3. Within the same plastic deformation, the shear-band density at the high 
strain rate is lower than that at the low strain rate. At the same time, the shear-band 
spacing at the high strain rate is larger than that at the low strain rate. According to the 
shear-banding spacing and density, Jiang defines the shear bands as the coarse shear 
bands at the high strain rate and the fine shear bands at the low strain rate. Jiang gives the 
conclusion that the shear-band distribution is more inhomogeneous at the high strain rate 
and more homogeneous at the low strain rate in space. Generally speaking, the serration 
of stress-strain curves could correspond to the shear-band formation. From Figure 3:2, 
within a 3%-plastic deformation, the serration density of 5 × 10-4 /s is much higher than 
that of 10-2 /s. It indicates that, under the same plastic deformation, more shear bands 
formed under the low strain rate than the high strain rate. Thus, it is suggested that the 
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plastic deformation in one shear band at the high strain rate is larger than at the low strain 
rate, which could be proved from the higher shear-band step at the high strain rate. This 
trend means that more atoms jump in one shear band at the high strain rate (∆fhigh >∆flow). 
From this viewpoint, the deformation at the high strain rate is more homogeneous, which 
is in agreement with the low viscosity during deformation at the high strain rate.  
3.2.4 Thermal properties 
 The free volume of a metallic glass could be denoted by the endo-thermal peak 
area between Tg and Tx. From Figure 3:4, the peak areas for the samples before and after 
deformation with the strain rates of 5×10-4 /s and 10-2 /s are -15.88 J/g, -20.83 J/g, and -
22.01 J/g, respectively. It indicates that the free volume really increases after deformation. 
At the same time, the persistent free-volume increases at the high strain rate are 
somewhat higher than that at the low strain rate, which is in agreement with the low 
viscosity during deformation at the high strain rate.  
3.2.5 Synchrotron diffraction 
 The synchrotron-diffraction pattern before and after deformation with different 
strain rates is shown in Figure 3:5. There are two main peaks for all the diffraction 
patterns corresponding to the first and second nearest neighbor ordering of a metallic 
glass. The second main peak corresponding to the medium-range order follows the very 
small peak. There are no other peaks, indicating that there is no significant crystallization 
peak even after deformation.  
  52
3.2.6 Engineering stress-strain curves with different strain rates for the 
loading and reloading process 
 The repeated loading-unloading-reloading compression tests with the different 
strain-rate combinations for the loading and reloading processes is used. The engineering 
stress-strain curves are shown in Figure 3:6. The strain-hardening behaviors are observed 
at the strain of ~ 22% for the loading with the strain rate of 10-3 /s and reloading with the 
strain of 5×10-4 /s, which are accompanied by the increase of ~ 10 MPa in the nominal 
stress. The strain-softening behaviors are observed at the strain of ~ 21% for the loading 
with a strain rate of 10-3 /s and reloading of 10-2 /s, which is accompanied by the decrease 
of ~ 47 MPa in the nominal stress.  
 This trend is explained by Jiang in view of the spatiotemporality of shear banding. 
At high strain rates, fewer simultaneous shear-banding operations happen 
successively.(17) However, at low strain rates, more simultaneous shear-banding 
operations occur intermittently. Thus, at high strain rates, fewer simultaneous shear- 
banding operations need a smaller flow stress, and at low strain rates, more intermittent 
shear-banding operations need a larger flow stress. As a result, the strain-hardening 
phenomenon is observed in the decreasing strain rate, and the strain-softening behavior is 
observed in the increasing strain rate. However, Jiang did not give why the shear bands at 
the high strain rate prefer to operate at the pre-existing shear bands than at the low strain 
rate.  
 According to the previous discussion, the strain softening, deformation 
homogeneity, and shear-band distribution could be explained by the free-volume increase 
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and viscosity change at different strain rates. The viscosity decrease during deformation 
at the high strain rate is more significant than at the low strain rate. The viscosity change 
reflects the strength change. Then it means that the strength at the low strain rate should 
be higher than at the high strain rate. Thus, it could explain that the strain hardening 
happened with the decreased strain-rate combinations for the loading and reloading 
process and stain softening occurred with the increased strain-rate combinations for the 
loading and reloading process. It is more reasonable for the strain hardening and 
softening behavior to be explained by the different viscosity or free-volume change with 
different strain rates.  
3.3 Summary 
1. The deformation of the metallic glass shows the strain softening for the loading 
and reloading process with the same strain-rate combination. The nominal stress 
decrease for the loading and reloading process at the low strain rate is lower than 
at the high strain rate.  
2. At the high strain rate, the deformation of the metallic glass is more homogeneous 
even if the coarse shear bands are formed.  
3. The free-volume increase after deformation with the high strain rate is more 
significant than with the low strain rate, which is in agreement with the lower 
viscosity or higher free volume during deformation with the high strain rate. This 
trend could give a good explanation of the different stress drop for the loading 
and reloading processes at different strain rates. 
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4. The deformation of a metallic glass shows the strain hardening for the loading 
with the high strain rate and reloading with the low strain rate. The deformation 
of a metallic glass shows the strain softening for the loading with the low strain 
rate and reloading process with the high strain rate. The explanation from the 
different viscosity or free-volume change at different strain rates is better than 
from the different shear-band operation. 
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CHAPTER 4: STRAIN-RATE EFFECTS ON DEFORMATION 
BEHAVIOR OF CU45ZR47.5AG7.5 BMGS  
4.1 Introduction 
 The deformation feature of BMGs generally shows the strain-softening 
characteristics at the same strain rate. However, some BMGs could also exhibit the strain 
hardening during the plastic-deformation process.(1-4) Different researchers proposed 
different strain- hardening mechanisms.  
 In 2005, Das and Eckert proposed that the increase in the strength of 
Cu47.5Zr47.5Al5 BMGs is due to the addition of Al, which enhances the structural 
inhomogeneities in the metallic glass. It is believed that such inhomogeneities ultimately 
promote the nucleation of shear bands throughout the bulk materials and enables their 
branching, leading to a global ductility. The intersection of shear bands decreases their 
sharpness, hinders their rapid propagation, and increases the flow stress of the materials, 
resulting in a ‘work-hardening’-like behavior.(3) 
 In 2006, Kim and Eckert re-investigate the deformation behavior of 
Cu47.5Zr47.5Al5 BMGs. It is found that the as-cast microstructure reveals features of nano-
scale liquid-phase separation. The morphology of the phase-separated amorphous regions 
is spherical with 10 - 20 nm in size, and they are homogeneously distributed throughout 
the sample. Besides, macroscopic heterogeneities, which can be determined by different 
degrees of the chemical fluctuations and the existence of nano-scale crystals, are 
observed. The different length scales of the heterogeneities in the Cu47.5Zr47.5Al5 BMGs 
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are believed to contribute to the large plasticity and the ‘working-hardening’-like 
behavior during the deformation.(4)   
 In 2007, Yang and Nieh investigated the strain hardening and recovery of a 
metallic glass using cyclic loading-unloading-reloading processes under nano-indentation. 
It is found that the hardness of the metallic glass increased each time when the sample 
was reloading immediately after unloading and, then, gradually reduced to a stable value 
before the next unloading. It is explained by the free-volume accumulation and 
annihilation in a metallic glass. During the unloading process, with a sudden reduction of 
the applied shear stress, the driving force for the free-volume accumulation decreases and 
the free-volume-annihilation process takes over. This trend results in a decrease of free 
volumes, which causes the immediate arrest of propagating shear bands. After a shear 
band is arrested, the temperature in the shear band decreases rapidly. The hardness 
increases as a result of decreasing the free volume and temperature. Upon the next 
reloading, all previous shear bands are already arrested, and the free-volume 
accumulation process remains sluggish at room temperature. This phenomenon results in 
an increase in the hardness-hardening behavior. However, after the stress is increased to 
the yielding point, multiple shear bands start to initiate and propagate again. The 
increased temperature and free volume in the propagating shear bands will, then, cause 
the reduction of hardness again.(2) 
 In 2007, Jiang investigated the strain-softening characteristics of Zr55Al10Ni5Cu30 
BMGs and the strain-hardening behavior of Cu47.5Zr47.5Al5 BMGs. It is proposed that the 
deformation of two different metallic glasses is related to their intrinsic structures. The 
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defects formed in the deformation, such as the free-volume increase and the formation of 
nano-voids. These defects result in the deterioration in the strength of a shear band. A 
weak shear band naturally becomes a preferential site for subsequent shear banding. That 
is why metallic glasses generally exhibit working softening. However, the deformation 
could lead to the formation of nano-crystalline phases. The deformation-induced nano-
crystalline phase can strengthen the shear bands effectively, which caused strain 
hardening.(1)  
 In this chapter, the loading-unloading-reloading sequence is used for the small l/d 
ratio on the Cu45Zr47.5Ag7.5 BMGs under compression. The strain hardening and softening 
phenomena dependent on the strain rate are studied with the same strain rate for the 
loading and reloading processes.  
4.2 Results and discussions 
4.2.1 Engineering stress-strain curves 
 In the repeated loading-unloading-reloading compression tests with the same 
strain rate, the mechanical behaviors of Cu45Zr47.5Ag7.5 shows somewhat strain softening 
at the strain of ~ 38.3% with the strain rate of 8 × 10-4 /s. A decrease of the ~ -28 MPa in 
the nominal flow stress is accompanied with the softening shown in Figure 4:1a. 
However, Cu45Zr47.5Ag7.5 presents somewhat strain hardening at the strain of ~ 33.5% 
with the strain rate of 1.58 ×10-2 /s.  An increase of ~ 25 MPa in the nominal flow stress 
accompanied with the hardening shown in Figure 4:1b.  
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 The strain-softening mechanism of Cu45Zr47.5Ag7.5 BMGs during plastic 
deformation at the low strain rate is similar to that of the strain-softening behavior of 
(Zr55Al10Ni5Cu30)99Y1 BMGs, which has been discussed in Chapter 3. The difference is 
that the deformation of (Zr55Al10Ni5Cu30)99Y1 BMGs exhibits more significant strain 
softening at the high strain rate, which is explained by the viscosity change dependent on 
the strain rates. However, the deformation of Cu45Zr47.5Ag7.5 BMGs shows the strain 
hardening, which is not in agreement with the explanation of the viscosity change. The 
strain-hardening mechanism will be discussed later.  
4.2.2 Thermal properties 
 The thermal properties before and after deformation with different strain rates are 
detected using DSC shown in Figure 4:2. The crystallization-peak areas of the sample 
before and after deformation with the strain rates of 8 × 10-4 /s and 1.58 × 10-2 /s are 
about 35.2518 J/g, 25.4541 J/g, and 22.9467 J/g, respectively, shown in Figure 4:2a. The 
crystallization-peak area could estimate the crystallization phases. Thus, the 
crystallization could happen after deformation. More crystallization phases formed with 
the high strain rate than the low strain rate. It is recognized that the crystallization-phase 
formation in the shear bands could strengthen the amorphous matrix, which could lead to 
the strength increase or strain hardening during reloading. The deformation-induced 
crystallization is observed under different loading conditions in the literature.(5-10) 
Kumar et al. (8) also suggested that the deformation-induced nanocrystallization results 
in the large ductility and strain hardening.  
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 The free volume could be substituted by the endo-thermal peak area between Tg 
and Tx. The peak areas for the sample before and after deformation with the strain rates of 
8 × 10-4 /s and 1.58 × 10-2 /s are about 14.0515 J/g, 18.6475 J/g, and 15.2250 J/g, 
respectively, in Figure 4:2b. The free-volume change during deformation is affected by 
the free-volume creation and annihilation. The net free-volume-increase rate could be 
shown in Equation 4:1: 
*
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The viscosity and the free volume obey Equation 4:2: 
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The defect concentration is defined as:  
*
expf
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v
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(4:3) 
Therefore, the viscosity is inversely proportional to the defect concentration, cf, in the 
metallic-glass matrix. The defects in amorphous metals are density fluctuations with 
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volume greater than a critical value. More crystallization phase formed at the high strain 
rate leads to the higher viscosity because the crystallization-phase formation could 
annihilate the free volume, and defect concentration decrease, which could lead to strain 
hardening at the high strain rate.  
4.2.3 Synchrotron diffraction 
 The synchrotron-diffraction pattern before and after deformation with different 
strain rates is shown in Figure 4:3. The diffraction pattern only shows a halo for the 
sample before and after deformation with the low strain rate. It is believed that the sample 
before deformation is purely amorphous, and there is no significant crystallization 
phenomenon after deformation with the low strain rate in Figures 4:3 a and b. The 
diffraction pattern for the sample after deformation with the high strain rate has several 
dots, and the halo circle becomes thinner in Figure 4:3c. It indicated that there is some 
crystallization phase formed during deformation.  This trend could be further proved 
from the line-diffraction pattern in Figure 4:3d. There are only two peaks for the sample 
before and after deformation with the low strain rate. The first and second peak shows 
that the first and second nearest neighbor atoms are in order. There is no other peak in the 
long range. This kind of the synchrotron-diffraction pattern is the typical pattern of 
amorphous materials. Besides the first and second peaks, there are many smaller peaks 
superimposed on the amorphous peaks for the samples after deformation with the high 
strain rate. This trend could definitely show that the crystallization phases really form for 
Cu45Zr47.5Ag7.5 BMGs after deformation with the high strain rate.  
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4.2.4 Comparison with the deformation of (Zr55Al10Ni5Cu30)99Y1 BMGs 
 The viscosity of (Zr55Al10Ni5Cu30)99Y1 BMGs during deformation at the high 
strain rate is relatively lower than that at the low strain rate according to the relationship 
among the viscosity, shear stress, and strain rate, which has been discussed in the 
previous chapter. However, the viscosity of Cu45Zr47.5Ag7.5 BMGs during deformation at 
the high strain rate is relatively higher than that at the low strain rate because of the 
crystallization-phase formation. The different deformation behavior of two metallic 
glasses could be traced to the structure change during the plastic-deformation process. 
There is no crystallization phase observed in (Zr55Al10Ni5Cu30)99Y1 BMGs after 
deformation even with the high strain rate. However, there is a significant crystallization 
phase in the metallic-glass matrix in Cu45Zr47.5Ag7.5 BMGs after deformation with the 
high strain rate. The crystallization could annihilate the free volume and cause the 
viscosity increase. It is also believed that the viscosity or free-volume change leads to the 
significant strain softening in (Zr55Al10Ni5Cu30)99Y1 BMGs and strain hardening in 
Cu45Zr47.5Ag7.5 BMGs both with the high strain rate. It is summarized that two competing 
processes control the strain softening and hardening of a metallic glass during 
deformation. One is the free-volume creation and the viscosity decrease. The other one is 
the crystallization-phase formation and free-volume annihilation, which cause the 
viscosity increase. If the viscosity decrease or free-volume creation is dominant, the 
deformation of metallic glasses trends to show strain softening. If the viscosity increase 
or free volume annihilation is dominant, the deformation of a metallic glass trends to 
show strain hardening.  
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4.3 Summary 
1. The plastic deformation is dependent on the strain rate. At the high strain rate, 
Cu45Zr47.5Ag7.5 BMGs trends to show strain hardening. However, at the low strain 
rate, Cu45Zr47.5Ag7.5 BMGs trend to exhibit strain softening. 
2. The strain-rate effect on the strain hardening or softening is related to the 
viscosity or free-volume change during the deformation process. 
3. The creation of the free-volume or viscosity decrease is dominant during 
deformation with the low strain rate, which contributes to the strain softening. 
4. The formation of the crystallization phase is dominant during deformation at the 
high strain rate, which results in the viscosity increase or free-volume annihilation, 
and further contributes to the strain hardening. 
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CHAPTER 5: CRYSTALLIZATION KINETICS OF 
(ZR55AL10NI5CU30)99Y1 AND Cu45ZR47.5AG7.5 BMGS  
5.1 Introduction 
 The deformation of (Zr55Al10Ni5Cu30)99Y1 BMGs exhibits significant strain 
softening with the strain rate of ~ 10-2 /s. However, the deformation of Cu45Zr47.5Ag7.5 
BMGs shows significant strain hardening with the strain rate of ~ 1.58 × 10-2 /s. Two 
competing processes control the strain softening and hardening of a metallic glass during 
deformation. One is the free-volume creation and the viscosity decrease during 
deformation. The other one is the crystallization-phase formation and free-volume 
annihilation, which cause the viscosity increase. If the viscosity decrease is dominant, the 
deformation of a metallic glass trends to show strain softening. If the viscosity increase is 
dominant, the deformation of a metallic glass trends to show strain hardening. The free- 
volume change and the crystallization phase formation are related to the thermal stability 
upon heating.  
 In this chapter, the thermal stability of (Zr55Al10Ni5Cu30)99Y1 and Cu45Zr47.5Ag7.5 
BMGs is investigated on continuous and iso-thermal heating. The crystallization- 
activation energy and the Avrami exponent for these two BMGs are calculated and used 
to explain the results of Chapter 3 and Chapter 4. 
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5.2 Results and discussions 
5.2.1 Continuous heating  
 Figure 5:1 shows the DSC scans of (Zr55Al10Ni5Cu30)99Y1 and Cu45Zr47.5Ag7.5 
BMGs with different heating rates (20, 40, 60, and 80 K/min.), respectively. All DSC 
curves demonstrate significant endothermic events characteristic of the glass-transition 
and the superercooled-liquid region, followed by exothermic events characteristic of a 
crystallization process. The glass-transition temperature, Tg, the crystallization 
temperature, Tx, and the peak temperature, Tp, are marked with arrows for different 
heating rates. The typical temperatures are listed in Tables 5:1 and 2. 
 From Tables 5:1 and 2, it could be seen that the Tg values for 
(Zr55Al10Ni5Cu30)99Y1 and Cu45Zr47.5Ag7.5 BMGs with the same heating rate are very 
similar. However, the Tx and Tp values for (Zr55Al10Ni5Cu30)99Y1 are ~ 20 - 30 K higher 
than Cu45Zr47.5Ag7.5. Thus, the supercooled-liquid region of (Zr55Al10Ni5Cu30)99Y1 is ~ 20 
- 30 K wider than Cu45Zr47.5Ag7.5, indicating that (Zr55Al10Ni5Cu30)99Y1 has much better 
thermal stability than Cu45Zr47.5Ag7.5 on continuous heating.  
 From Tables 5:1 and 2, it could be seen that the Tg, Tx, and Tp are shifted to higher 
temperatures with the increasing heating rates. According to the Kissinger Equation 
5:1:(1-3) 
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where B is the heating rate, R is the gas constant, and E is the crystallization-activation 
energy. The plot of ln(T2/B) vs 1/T should yield approximate straight lines, as exhibited  
in Figure 5:2. Using Kissinger Equation 5:1, from DSC scans, the activation energies for 
(Zr55Al10Ni5Cu30)99Y1 are determined as 406.2, 240.7, and 266.1 kJ/mol for Tg, Tx, and Tp, 
respectively, indicating that this material has a very good thermal stability due to the high 
activation energy. Eg is higher than Ex and Ep, suggesting that it is difficult for this 
material to relax, compared with crystallization due to the high viscosity of Zr-based 
BMGs. The activation energies for Cu45Zr47.5Ag7.5 BMGs are determined to be 364.6, 
339.9, and 332.1 kJ/mol for Tg, Tx, and Tp, respectively. The relatively high-activation 
energy suggests that Cu45Zr47.5Ag7.5 BMGs have good thermal stability. Eg is lower than 
Ex and Ep, indicating that it is easy for this material to relax, compared with 
crystallization because of the relative low viscosity of CuZr-based BMG.(4) The 
activation-energy difference of (Zr55Al10Ni5Cu30)99Y1 and Cu45Zr47.5Ag7.5 could show that 
if given the same heat flow, more energy will be spent on the relaxation for 
(Zr55Al10Ni5Cu30)99Y1. However, more energy will be spent on the crystallization for 
Cu45Zr47.5Ag7.5.  
 Due to the difference of the nucleation and growth behavior in the crystallization 
process, the activation energy for different crystallization volume fractions is not constant. 
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Therefore, the local activation energy, E(x), has been introduced, representing the 
activation energy at all crystallization stage. In order to calculate the local activation 
energy, the crystallize fraction, x, as a function of temperature at different heating rates is 
plotted in Figure 5:3. From the following equation suggested by Doyle-Ozawa (5) for the 
non-isothermal crystallization, the local activation energy, E(x), can be quantified. 
)(
)(ln)(4567.0315.2ln
xRF
xEA
RT
xEB +−−=  
(5:2) 
where A is the frequency factor, F(x) is the crystallization function, and x is the 
crystallized fraction at the corresponding temperature. When x is given, 
)(
)(ln
xRF
xEA  is a 
constant, and T is determined from Figure 5:3 at different heating rates. The E(x) can be 
determined by calculating the slope of lnB versus 1/T curve. The results are presented in 
Figure 5:4. For (Zr55Al10Ni5Cu30)99Y1, as the crystallization proceeds and the temperature 
increases, the local activation energy increases, indicating that the crystallization 
becomes more and more difficult. For Cu45Zr47.5Ag7.5, as the crystallization proceeds and 
the temperature increases, the local activation energy increases up to the crystallization 
fraction equal to 40% and then decreases very quickly, indicating that the crystallization 
becomes easier when the crystallization fraction is above 40%. From the glass-transition 
activation energy of two metallic glasses, it appears that (Zr55Al10Ni5Cu30)99Y1 has better 
thermal stability than Cu45Zr47.5Ag7.5.  
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5.2.2 Iso-thermal heating 
 Isothermal annealing is further carried out to do the crystallization-kinetic 
analyses. Figure 5:5 demonstrates the DSC curves of isothermal annealing for 
(Zr58Ni13.6Cu18Al10.4)Nb1 and Cu45Zr47.5Ag7.5 at different temperatures between Tg and Tx. 
From Figure 5:5, it is clear that all the samples annealed at a certain temperature undergo 
an incubation period before the detectable phase transformation begins, and the 
incubation time decreases with increasing the temperature, suggesting a typical 
nucleation/growth mechanism. 
 In order to construct a Johnson-Mehl-Avrami (JMA) plot, the volume fraction of 
crystallization at time, t, was assumed to be the same as the fraction of the heat release. 
Therefore, the fraction of crystallization, x, was obtained by measuring the partial area 
under the peak up to t. Figure 5:6 presents the calculated results of the crystallized 
volume fraction as a function of the annealing time at different temperatures. All plots 
show typical ‘S’ curves. The time dependence of the crystallized volume fraction can be 
modeled by the JMA Equation 5:3 (6):  
])(exp[1)( ntktx τ−−−=  
 (5:3) 
where x(t) is the transformed volume fraction at time, t, determined as the fractional area 
of the total exothermic peak, τ is the incubation time before the transformation starts, t is 
the annealing time, and n is the Avrami exponent reflecting the crystallization mechanism, 
  68 
and k is the effective rate constant, which is a function of the absolute temperature, 
determined by Equation 5:4: 
]/exp[0 RTEkk i−=  
 (5:4) 
where k0 is a constant and Ei is the apparent activation energy for the initial nucleation 
energy. The JMA equation could be deducted as follows: 
)ln(ln)]1/(1ln[ln τ−+=− tnknx  
(5:5) 
If the JMA equation is valid, the value of n should not change with either the volume- 
fraction transformation, or the temperature of transformation. A plot of ln[ln1/(1-x)] 
versus ln(t-τ) should give a straight line. The slope represents the Avrami exponent, and 
the intercept represents the reaction constant, lnk.  
 Figure 5:7 presents the double logarithmic plots of isothermal annealing at 
different temperatures in the supercooled-liquid region. It is obvious that the plots are not 
straight lines, implying that the Avrami exponent, n, is not a constant during the 
crystallization process, and multi-mechanisms may be involved in the phase 
transformation.(7-9) Thus, the average Avrami exponent, n, derived by fitting the 
experimental data over a range of the transformed volume fraction may be not 
appropriate. (10) 
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 Calka and Radlinski pointed out that a more sensitive approach is to plot the first 
derivative of the Avrami plot against the transformed volume fraction, which effectively 
gives the local value of the Avrami exponent, n, at a volume fraction, x.(11)  The value of 
the local Avrami exponent can give the detailed information on the nucleation and 
growth characteristics. The local Avrami exponent can be deduced by Equation 5:6: 
)ln(/)]}1/(1ln{ln[)( τ−∂−∂= txxn  
 (5:6) 
Figure 5:8 shows the value of the local Avrami exponent at different temperatures against 
the crystallization volume fraction.  
 The variation of the local Avrami exponent with the crystallized fraction reflects 
the change in nucleation and growth behaviors in the process of crystallization. 
Ranganthan and Heimendahl (12) have proposed that the activation energy for the 
crystallization of amorphous solids can be expressed as the sum of the nucleation and 
growth activation energies by Equation 5:7: 
n
bEaE
E gnc
+=  
(5:7) 
where a and b are positive constants related to the Avrami exponents, n, and a + b = n, 
En and Eg are the nucleation and growth activation energies, respectively(13). They are 
defined as: a = 0 for the nucleation rate of zero; a = 1 for the constant nucleation; b = 1 
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for one-dimensionally growing particles; b = 2 for two-dimensionally growing particles; 
and b = 3 for three-dimensionally growing particles.(14-15)  
 For (Zr55Al10Ni5Cu30)99Y1, according to the change of the Avrami exponent versus 
the crystallization fraction shown in Figure 5:8a, the crystallization process includes the 
crystallization nucleation and growth. At the beginning of the crystallization, a = 1 and b 
= 0 indicate a constant nucleation process. When the crystallization reach 50%, a = 1 and 
b = 1 representing one-dimensional diffusion-controlled nucleation and growth with the 
constant nucleation. The value of n changes from 2 to 3, when x is between 50% and 
90%, specifying that in this range, the crystallization is controlled by the two-dimensional 
growth with the decreasing nucleation rate. The Avrami exponent during the whole iso-
thermal heating process is less than 3, which suggested the crystallization rate including 
the crystallization nucleation and growth of (Zr55Al10Ni5Cu30)99Y1 are pretty low. For 
Cu45Zr47.5Ag7.5, the crystallization process is similar. It will be addressed for the 
annealing at 713 K. From the Figure 5:8b, in all the crystallization process, n is larger 
than 3, indicating the three-dimensional growth. It has been pointed out that n = 4 means 
a mode of three-dimensionally growing particles with a constant nucleation and growth 
rate, but that any higher value (n > 4) indicates a transient-nucleation process with an 
increasing nucleation rate.  An Avrami exponent larger than 5 is not theoretically 
expected. However, in the present results, the Avarami exponent can reach 10. A possible 
explanation for an extremely high Avrami exponent may come from some pre-existing 
nano-crystalline phases,(16) which could make it easier for the nucleation and growth of 
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crystallization phases, and, thus, lead to the significant increase of the Avrami exponent 
(Figure 5:8b).  
 The local activation energy, E(x), of the isothermal processes can reflect the 
details of the crystallization process. The value of E(x) is deduced from Equations (5:3) 
and (5:4): 
]/)(exp[)( 0 RTxEtxt −=  
(5:8) 
where t0 is a time constant, t(x) is time at different crystallization fractions, and E(x) is the 
local activation energy. The activation energy can be obtained from the slope of the line, 
ln[t(x)-t0], against 1/T. The obtained local-activation energies for the crystallization 
process are shown in Figure 5:9. From the activation-energy results, for 
(Zr55Al10Ni5Cu30)99Y1, a conclusion can be obtained that E(x) increased for x located 
between 20% and 80%, as the crystallization transformation proceeds. For Cu45Zr47.5Ag7.5, 
E(x) increased during all the crystallization process as the crystallization transformation 
proceeds. This trend suggests the difficulty of crystallization with the increase of the 
crystallization-volume fraction. The total energies for the isothermal crystallization of 
(Zr55Al10Ni5Cu30)99Y1 and Cu45Zr47.5Ag7.5 are 258.75 kJ/g and 180.87 kJ/g, respectively. 
The higher value for (Zr55Al10Ni5Cu30)99Y1 indicates a much better thermal stability in 
the supercooled-liquid region than Cu45Zr47.5Ag7.5.  
 The wider supercooled-liquid region, higher activation energy, and lower Avrami 
exponent of the (Zr55Al10Ni5Cu30)99Y1 than Cu45Zr47.5Ag7.5 metallic glass indicates the 
  72 
better thermal stability, which could explain the results of the Chapters 3 and 4. There is 
no crystallization phase for (Zr55Al10Ni5Cu30)99Y1 observed after deformation with the 
high strain rate. Thus, the free-volume increase or viscosity decrease for 
(Zr55Al10Ni5Cu30)99Y1 during plastic deformation is dominant, which causes the strain 
softening of (Zr55Al10Ni5Cu30)99Y1 at the high strain rate. However, there is a significant 
crystallization phenomenon for Cu45Zr47.5Ag7.5 after deformation with the high strain rate. 
The crystallization-phase formation will annihilate the free volume and increase the 
viscosity. Thus, the free-volume decrease or viscosity increase for Cu45Zr47.5Ag5 BMGs 
after deformation with the high strain is dominant, which leads to the strain hardening of 
Cu45Zr47.5Ag5 BMGs.  
5.3 Summary 
1  (Zr55Al10Ni5Cu30)99Y1 has a much wider supercooled-liquid region than 
 Cu45Zr47.5Ag7.5, indicating that (Zr55Al10Ni5Cu30)99Y1 has better thermal stability. 
2 Upon continuous heating, the activation energy of (Zr55Al10Ni5Cu30)99Y1 
increases as the crystallization fraction increases, suggesting that the 
crystallization becomes more and more difficult. However the activation of 
Cu45Zr47.5Ag7.5 decreases as the crystallization fraction increases, indicating that 
the crystallization becomes easier and easier.  
3 Upon iso-thermal heating, the Avrami exponent of (Zr55Al10Ni5Cu30)99Y1 is much 
lower than Cu45Zr47.5Ag7.5, suggesting that the crystallization rate of 
(Zr55Al10Ni5Cu30)99Y1 is much lower than Cu45Zr47.5Ag7.5. The total activation 
energy for the whole crystallization process of (Zr55Al10Ni5Cu30)99Y1 is much 
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higher than Cu45Zr47.5Ag7.5, representing (Zr55Al10Ni5Cu30)99Y1 has much better 
thermal stability than Cu45Zr47.5Ag7.5. 
4 The thermal-stability change could explain the free volume and viscosity change 
after deformation with different strain rates for two metallic glasses, and further 
explain the strain softening and hardening difference with the high strain rates for 
two metallic glasses.  
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CHAPTER 6: DEFORMATION AND FATIGUE BEHAVIOR OF 
(ZR58NI13.6CU18AL10.4)99NB1 BMGS UNDER FOUR-POINT-BEND 
CYCLIC LOADING 
6.1 Introduction 
 The specific structure of metallic glasses leads to the excellent properties, such as 
the high strength, high hardness and low Young’s modulus, high friction and wear 
resistance, high corrosion resistance, and good magnetic properties, which could be used 
as potential functional and structural materials.(1) However, the high strength of BMGs is 
often accompanied by little or no plastic deformation.(2-6)  The modifications of BMGs’ 
structures can improve the ductility, such as the in-situ or ex-situ second-phase inclusion 
in the metallic-glass matrix. Fan et al. proposed a method that Ta or Nb with a high 
melting temperature is added to the Zr-Ni-Cu-Al metallic glass, which could lead to the 
formation of the nano-crystalline phase or micro-crystalline phase in the metallic 
glass.(7-10) The dispersion of certain hetero-phases can confine effectively the 
propagation of shear bands and promote the multiplication. Evidently, such a 
multiplication of shear bands can avoid the excessive propagation of individual shear 
bands and increase both mechanical strength and ductility. The mechanical properties and 
the fracture mechanisms of these composites under compression deformation have been 
widely investigated. However, fatigue studies have received much less attention, and the 
corresponding fatigue and fracture mechanisms are poorly understood.(11-15) 
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 In this chapter, the (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs with some nano-scale 
phases were prepared. The stresses versus cycle life (S/N) curves were studied under the 
four-point-bend fatigue with the tension stress on the bottom surface and the compression 
stress on the upper surface. The surface and the fracture morphology after fatigue tests 
were observed, and the mechanisms of the fatigue and fracture behaviors were discussed.   
6.2 Results  
6.2.1 XRD and DSC  
 The clear glass-transition temperature, Tg, of 683 K and a wide supercooled liquid 
region (~ 80 K) can be found in the DSC curve shown in Figure 6:1a. Figure 6:1b shows 
a HRTEM image, which displays a typical mazelike pattern expected to be the 
amorphous structure. However, there are some nano-crystalline particles with a diameter 
less than 5 nm. The XRD pattern mainly consists of a broad peak shown in Figure 6:1b. 
There are no appreciable diffraction peaks corresponding to crystalline phases, indicating 
that the amorphous nature of the present alloy matrix is present, and the crystalline 
particle should be less than 5% shown in Figure 6:1c.  
6.2.2 Stress versus life curves 
 The stress range, σr., is plotted as a function of cycles to failure, Nf, for the 
(Zr58Ni13.6Cu18Al10.4)99Nb1 BMG in Figure 6:2. The relationship between σr and Nf of the 
present material above the fatigue-endurance limit could be expressed by the following 
Equation 6:1: 
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with the correlation coefficient of R2 = 0.884. The present results are compared with 
those for the Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs studied by Gilbert et al. and 
Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs reinforced by the Zr-Ti-Nb ductile phase investigated 
by Flores et al.(16-18) The fatigue life of the present BMGs is longer than that of Flores’ 
results when the stress is lower than 880 MPa, and longer than that of Gilbert’s results 
when the stress is lower than 747 MPa. However, at high stress levels, the fatigue life of 
the current BMGs seems to be shorter than Gilbert’s or Flore’s results. The fatigue-
endurance limit, based on the stress range, equals 559 MPa, which is much higher than 
those for the Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs (~ 135 MPa) and 
Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs reinforced by the Zr-Ti-Nb ductile phase (~ 292 MPa).  
 The fatigue behavior could be described by the fatigue ratio of σre./σu, where σre. is 
the stress range at the fatigue-endurance limit (σre. = σmaxe. – σmine., where σmaxe. and σmine. 
are the applied maximum and minimum stresses, respectively, at the fatigue-endurance 
limit) and σu is the ultimate tensile strength. The (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs 
exhibited a fatigue ratio of σre./σu to be ~ 0.328, which is much higher than those for the 
Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs (~ 0.09) and the Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs 
reinforced by the Zr-Ti-Nb ductile phase (~ 0.2). Therefore, the present material shows 
very good four-point-bend fatigue properties with the high fatigue-endurance limit and 
the high ratio of σre./σu. 
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6.2.3 Specimen-surface observations 
Figure 6:3 presents the surface morphology of the fatigue samples tested at σr = 
519 MPa, using optical microscopy (OM) and scanning-electron microscopy (SEM). 
There are some inclined and straight shear bands formed on the tension surface of the 
four-point-bend sample (Figures 6:3a and 6:3b), with an angle larger than 45° between 
the shear-band direction and the outer fiber-stress direction of the specimens. Fewer 
inclined and straight shear bands are observed on the compression surface (Figures 6:3c 
and 6:3d), with an angle smaller than 45°. In addition, some wavy shear bands were 
observed on both tension and compression surfaces. The wavy shear bands tend to be 
oriented perpendicular to the outer fiber-stress direction (Figures 6:3a and 6:3c). In 
Figure 6:3e, micro-cracks are observed along shear-off steps on the tension surface, 
which are similar to the results under tension-tension fatigue tests.(19) Figure 6:3f 
presented branched shear bands with micro-cracks initiated from shear-off steps on the 
tension surface.(18) 
6.2.4 Fracture-surface observations 
 The fatigue-failure morphology of the (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs tested at 
σr = 622 MPa is exhibited in Figure 6:4. The fracture surface is basically perpendicular to 
the loading direction. The whole fracture surface consists of four regions: the fatigue-
crack-initiation, crack-propagation, fast-fracture, and melting regions (Figure 6:4a). 
Fatigue cracks originate from the corner of the tension surface, as indicated by the ellipse 
(Figure 6:4a).  There is a quarter-ellipse boundary shown by the dashed line between the 
crack-propagation region and the fast-fracture region (Figures 6:4a and 6:4b). The 
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fracture feature in the quarter-ellipse region is presented in more details (Figure 6:4c). 
Many fatigue striations can be clearly seen. Moreover, there are some dimpled fracture 
locations. Outside the quarter-ellipse region is the fast-fracture region with the vein-like 
pattern (Figure 6:4d). Besides the three regions discussed above, the melting region can 
be observed, which is along one side of the sample. The dashed line shows that the 
boundary between the fast fracture and melting regions (Figure 6:4e). Figure 6:4f is an 
amplified micrograph in the fast-fracture region, which clearly exhibits the presence of 
vein structures and droplets. One interesting phenomenon is that alternate fast fracture 
and crack-propagation regions were found at some locations in the fast-fracture region 
(Figure 6:4g).  
6.3 Discussions 
6.3.1 Improvement of the fatigue-endurance limit 
 The fatigue-endurance limits and fatigue ratios of the (Zr58Ni13.6Cu18Al10.4)99Nb1 
BMGs (559 MPa and ~ 0.328) are found to be much higher than the 
Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs (145 MPa and ~ 0.09) and Zr41.25Ti13.8Cu12.5Ni10Be22.5 
BMGs reinforced by the Zr-Ti-Nb ductile phase (292 MPa and ~ 0.2). The reason for this 
distinct difference could be explained in several aspects. First, for the pure BMGs, there 
are generally fatigue striations in the crack-propagation region.(20) However, there is 
some dimpled fracture together with the fatigue striations (Figure 6:4c). The dimpled 
fracture could be caused by nano particles (shown in Figure 6:1b), because they could act 
as the initiation sites for dimples of the present BMGs.(20) The nano-crystalline phases 
may significantly improve the crack-growth resistance, leading to the improvement of the 
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fatigue life and fatigue ratio because the fatigue-crack-growth direction is not only 
vertical but also oblique to the loading axis, which may increase the tortuosity of the 
cracking path, and, thus, increase the fatigue resistance.(17, 21) Second, Gilbert et al. and 
Flores et al. performed tests using the samples with 3 mm × 3 mm × 50 mm and 3 mm × 
3 mm × 30 mm, respectively,(16-17) which are greater than that in the present tests (2 
mm × 2 mm × 25 mm). The greater test volume could contain more defects, stress 
concentration, and free volumes, which will enhance the possibilities for crack initiation, 
and shear-band formation, and, hence, reduce the fatigue life and fatigue ratio, relative to 
the smaller test volume in the present test conditions. Third, generally, higher tensile 
strengths can lead to greater fatigue-endurance limits. The tensile strength of the present 
amorphous alloy is 1.7 GPa, which is higher than that of the Zr41.25Ti13.8Cu12.5Ni10Be22.5 
BMGs reinforced by the Zr-Ti-Nb ductile phase (1.4 GPa). However, the tensile strength 
of the pure Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs is 1.9 GPa, which is greater than the 
present material, but with a lower fatigue-endurance limit and fatigue ratio. This trend 
could result from the brittleness of the pure amorphous alloy.  
6.3.2 Toughness calculation  
 In order to understand the fatigue behavior, the stress-intensity factor, K, for a 
quarter-elliptical corner crack shown in Figure 6:5 subjected to bending loads is 
presented below:(22) 
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Using the above Equation and the measured cracking dimension, a and c, the apparent 
fracture toughness values are calculated. The apparent fracture toughness values for the 
(Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs are exhibited as a function of the applied stress range 
in Figure 6:5. It was found that the toughness value somewhat decreases with the applied 
stress range. Compared with the typical fracture-toughness values of pre-cracked pure 
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amorphous alloys (~ 15 - 20 MPa m ) measured using fatigue-pre-cracked specimens, 
(18) the current material exhibits somewhat higher toughness (26 - 40 MPa m ). The 
pre-cracked fatigue specimen could show low fracture-toughness values in order to 
ensure that the pre-existing crack-tip plastic zone was small. The present higher fracture 
toughness could result from a large pre-existing plastic zone at the crack tip immediately 
prior to the fracture. However, the current nano-particles-reinforced BMGs could endure 
the extensive plastic deformation.(23-25) The high-density shear bands and the branched 
shear bands in the damage zone (Figures 6:3a, 6:3c, 6:3e, and 6:3f) are another indication 
of the good plasticity and the high fracture toughness.  
6.3.3 Formation of shear bands 
Under tension and compression tests, shear bands are formed, when the stress is 
higher than the yield strength,(6) which is much greater than the stress range in the 
fatigue experiments. However, under four-point-bend fatigue experiments, the applied 
stress range, σr, is obviously lower than the yield strength, σy. For example, σr = (0.31 - 
0.51)σy in the present tests. At these low stress levels, many shear bands are still observed, 
as seen in Figures 6:4a-4e, indicating that the formation of shear bands can occur at a 
stress level far below the yield strength. The reason is that the amorphous alloys can 
soften under symmetrically cyclic loading, which will be proved in chapter 7.(26)  
According to Zhang’s calculations, the amorphous alloys fracture above an angle 
of 45° under the normal tension stress and below 45° under the normal compression 
stress, indicating that the fracture behavior of metallic glasses under tensile and 
compression loadings does not follow the von Mises criterion.(27) The stresses on the 
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tension and compression surfaces of four-point-bend specimens are pure tension and pure 
compression, respectively. The angular differences of the shear bands on the tension and 
compression surfaces can be explained by the Zhang’s theory.(27-29) From Figure 6:3a 
and 3c, the density of shear bands observed on the tension surface is generally greater 
than that on the compression surface. Thus, the spacing of the shear bands under the 
tension stress is smaller than that on the compression stress. This feature could be 
explained by the difference of the strength between the tension and compression stresses. 
Generally, the tension strength is somewhat lower than the compression strength.(27) The 
tension and compression stresses are symmetric along the center line on the cross-
sectional plane of the four-point-bend sample. At the same stress level, the tension 
surface yields and deforms plastically more easily than the compression surface. Thus, 
more shear bands can be formed on the tension surface, with smaller spacing.(30-32) 
Besides the straight shear bands induced by the normal stress, there are many 
wavy shear bands on the tension and compression surfaces, which are perpendicular to 
the outer fiber-stress direction. The density of the wavy shear bands is greater than that of 
the straight shear bands. The high-density wavy shear bands may be related to the second 
maximum shear stress plane shown in Figure 6:3g. 
6.3.5 Fatigue-fracture mechanisms 
The fatigue and fracture behavior of crystalline materials has been widely studied, 
and their fatigue damage mechanisms have been identified. Persistent-slip bands (PSB), 
deformation bands (DB), twinning, and grain boundaries (GB) are considered as the 
preferential sites for the nucleation of fatigue cracks. However, bulk-metallic glasses do 
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not have these kinds of damage mechanisms. Therefore, their fatigue crack-initiation and 
growth behaviors should be explained by other mechanisms. 
From the present results in Figure 6:3, the fatigue-damage process could include 
the following steps. First, shear bands form on the tension surface at the beginning of the 
fatigue process at the lower stress level than the yield strength, which is caused by the 
normal tension stress and cyclic softening.(26) The presence of shear bands in the glass 
could reduce its strength by providing a site for the further plastic flow, which contributes 
to the nucleation of a fatigue crack. Under cyclic loading, the gradual weakening, dilation, 
tearing, and final opening of the shear band will lead to the formation of the micro-crack. 
Figure 6:3e shows the micro-cracks produced in shear-off steps. The formed cracks 
propagate perpendicularly to the outer fiber-stress direction. Along the propagation path, 
there are many fatigue striations and dimpled regions, which may be caused by the 
presence of the nano-crystalline phase, since the nano-crystalline phase could act as the 
nucleation site of the dimpled fracture. There are no vein-like structures in the crack-
growth region (Figures 6:4b and 6:4c). This trend demonstrates that the melting 
phenomenon does not occur at the tip of the fatigue crack during the stable propagation 
stage. It means that the released elastic energy due to crack propagation is too low to melt 
the metallic glass locally. This result is consistent with the observations in the 
literature.(19, 29, 33-36) However, in the fast-fracture region, the vein-like structure 
appears to be caused by the increase of the temperature.(27, 29, 37) The stresses change 
linearly from the zero to maximum stress between the center and the surfaces of the 
sample under the four-point-bend loading. There could be some sites with lower stresses 
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inside the sample. Thus, some fast fracture and crack-propagation regions could appear 
alternately (Figure 6:4g). However, this interesting phenomenon needs be further studied.  
The elastic energy is released abruptly during the final fracture, which causes the large 
increase of the temperature. It could be high enough to melt the material. Therefore, some 
droplets exist in the melting region.  
6.4 Summary 
1 (Zr58Ni13.6Cu18Al10.4)99Nb1 shows very good four-point-bend fatigue properties 
with a fatigue-endurance limit (559 MPa) and fatigue ratio (~ 0.328).  
2 The toughness of the (Zr58Ni13.6Cu18Al10.4)99Nb1 is estimated to be between 26 
and 43 MPa m , which is somewhat greater than the typical values (~ 15 - 20 
MPa m ) of the Zr-based metallic glasses.  
3 The shear bands formed at a much lower stress level due to cyclic loading, 
relative to monotonic loading. The angle of the shear band caused by the normal 
tension stress is larger than 45°. However, the angle caused by the normal 
compression stress is smaller than 45°. The density of shear bands on the tension 
surface is greater than that on the compression surface because the tension 
strength is somewhat lower than the compression strength. Many wavy shear 
bands are produced on both tension and compression surfaces. 
4 Fatigue micro-cracks initiate along the shear band on the tension surface and 
propagate perpendicularly to the outer fiber-stress direction. The fracture 
morphology can be divided into four regions. There are numerous significant 
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fatigue striations induced by the gradual propagation of the fatigue crack and 
dimpled fracture, which may be associated with the presence of nano-crystalline 
phases. The vein-like fracture features are observed in the fast-fracture region. 
The alternate vein-like pattern and fatigue-striation region were observed at some 
locations on the fracture surface. Many droplets formed during the final melting 
region.   
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CHAPTER 7: FATIGUE SOFETENING OF 
(ZR58NI13.6CU18AL10.4)99NB1 BMGS 
7.1 Introduction 
 Based on the deformation map, the deformation of the bulk-metallic glass (BMG) 
could be divided to be homogeneous and inhomogeneous deformation. At high 
temperatures and low strain rates, the BMGs trend to show homogeneous deformation. 
However, at low temperatures and high strain rates, the BMGs trend to be demonstrate 
inhomogeneous deformation.(1-4) The inhomogeneous deformation is shown in 
compression stress-strain curves by serrations.(5-6) The stress-fluctuation range could 
give the inhomogeneity of deformation. Generally, a small stress-fluctuation range means 
relatively homogeneous deformation, and a large stress-fluctuation range indicates 
relatively inhomogeneous deformation.(2) On the fracture surface, the plastic 
deformation concentrates in shear bands with the decrease of the viscosity and the 
increase of the free volume and temperature, thus leading to the strain softening during 
inhomogeneous deformation. The strain softening of BMGs has been widely investigated 
under a static compression stress and has also been proved directly from the decreasing 
stress of the stress vs. strain curve in the plastic region.(7) Generally, under static-loading 
tests, shear bands are formed when the stress is higher than the yield strength. However, 
shear bands are also observed under different fatigue experiments with the cyclic loading, 
and the maximum stress is obviously much lower than the yield strength.(8-9) The reason 
is proposed to be fatigue softening under cyclic loading.(10) Nevertheless, fatigue 
softening is rarely reported and proved, which is worthy of studying, since the formation 
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of the shear bands and the fatigue softening are closely related to the fatigue failure of 
BMGs during the fatigue process. 
7.2 Results and Discussions 
 The four-point-bend-fatigue samples were divided into three sections at the 
location of the inner and outer pins: A within the inner pins, B between inner and outer 
pins, and C outside the outer pins shown in Figure 7:1. The surfaces of samples from A, 
B, and C after four-point-bend fatigue were observed by the scanning-electron 
microscopy (SEM) shown in Figure 7:2. There are many straight and wavy shear bands 
in the A section and B section (Figures 7:2a and 7:2b). However, the spacing between 
shear bands in A section is much smaller than B section, in other words, the shear-band 
density in A section is higher than B section. No shear bands are observed in the C 
section (Figure 7:2c). This trend could be explained by the stress state at the different 
locations under four-point-bend fatigue shown in Figure 7:1b. The tension-side surface in 
the A section has the homogeneous maximum tension stress. The tension-side surface in 
the B section has the linear decrease tension stress from the inner to outer pins. However, 
the tension-side surface in the C section has a zero tension stress. The larger stress leads 
to greater plastic deformation and more shear bands. From this point, the distribution of a 
tension stress is in agreement with the distribution of shear bands. 
 The thermal properties are obtained from DSC shown in Figure 7:3. The 
amorphous volume percentage should be proportional to the area of the crystallization 
peak. The areas of the crystallization peak for A, B, and C sections are ~ 49.86, ~ 42.57, 
and ~ 33.48 J/g, respectively. It indicated that some crystallization happens after fatigue 
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tests under the stress even much lower than the yield stress. The A section has more 
crystallization phases than the B section, since the A section has larger fatigue damage 
(Figure 7:2b). Another point should be noticed that the crystallization peak changes from 
one peak in the C section to two superimposed peaks in A and B sections. The difference, 
between the undeformed C section and deformed A and B sections, is that there are shear 
bands in the A and B sections, while there are no shear band in the C section. From this 
point, the structure in the shear bands has some effects on the crystallization, which 
attributes to the formation of the high-temperature crystallization phase.  
 The compression tests are done on A, B, and C sections, respectively. Each 
section is run twice. The similar trends are shown in Figure 7:4a. The strength increases 
as the order of A, B, and C sections. However, the ductility decreases with the same order. 
The decrease of the strength suggested that the softening really happens after fatigue. The 
free-volume model could explain the possible reason for the decreasing strength. The 
plastic deformation could happen under cyclic loading, which leads to the formation of 
shear bands. The free volume increases in these shear bands, which results in the decrease 
of the viscosity. The pre-existing shear bands formed in the fatigue test makes it possible 
for the shear bands to have repeated operations during the compression test. The initiation 
stress for the shear bands to have repeated operations is smaller than outside the shear 
bands, which caused the decreased strength for the A and B sections, compared with the 
C section. A higher shear-band density in the A section improves the possibility for the 
repeated shear-band operation compared with the lower shear-band density in the B 
section. Thus, the strength for the A section with a higher shear-band density is lower 
than the B section with a lower shear-band density. From the previous discussion, 
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regardless of being caused by static or cyclic loading, the free-volume increase and 
viscosity decrease could lead to the softening of the materials. The critical stress value 
that could lead to the same free volume increase and viscosity decrease under cyclic 
loading is much lower than that under static loading, because there is much stronger 
effect from the time and frequency under cyclic loading.  
 Besides the strength change, the stress-fluctuation range is also different for A, B, 
and C sections. The average stress-fluctuation ranges for C, B, and A sections are 27 MPa, 
14 MPa, and 8 MPa, respectively. This trend could be explained by the deformation and 
fracture of the bulk-metallic glass. During the plastic-deformation process, the stress 
increase in the serration indicates that the environment exerts work to the materials. 
However, the stress decrease in the serration suggests that the materials exert work to the 
environment. The stress fluctuation corresponds to the shear-band operation. The small-
stress fluctuation range indicates that the plastic deformation is more homogeneous. The 
reason could be that the energy is released most for the A section during fatigue tests, 
then the B section, and the C section does not have energy releases. The energy that could 
be released during compression tests should be lowest for A, then B sections, and the C 
section could release the highest energy. The more energy-released section during the 
fatigue process is more stable. The more stable materials should lead to the smallest 
stress-fluctuation range. Thus, the A section has the smallest stress-fluctuation range, 
then the B section, and the C section has the largest stress-fluctuation range. From 
another viewpoint, during the plastic process, the plastic deformation concentrates in the 
shear bands. The free volume will increase, and the viscosity will decrease in the shear 
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bands. As the plastic strain increases, the shear bands could operate repeatedly at the pre-
existing shear bands. The free-volume increases and the viscosity decreases continuously. 
However, the increase of the free volume and the decrease of the viscosity are not endless. 
When the free volume and the viscosity reach their limit, the new shear-band initiation 
should find other locations or materials fracture. Comparing with A, B, and C sections, 
the free volume induced in the fatigue process is decreasing as the order of A, B, and C. 
If the limited free volume and viscosity in each shear band are the same, the section with 
a more free-volume increase and viscosity decrease in the fatigue process suggested the 
less free-volume increase and viscosity decrease in the compression process. From this 
point, the C section should have the largest free volume and viscosity changes in the 
compression process, then the B section, and finally the A section. Figure 7:5 gives the 
ex-situ shear-band observation for A, B, and C sections after fatigue tests. The A section 
has the highest shear-band density, then the B section, and then the C section. At the 
same strain rate, a higher shear-band density suggests the more homogeneous 
deformation and the lower serration range in the compression curve. From this point, the 
deformation trends to be more homogeneous after fatigue tests in agreement with the 
compression curves. 
 The free-volume and viscosity changes could be shown indirectly on the fracture 
surface after compression tests shown in Figure 7:6. Figures 7:6 a1, b1, and c1 for A, B, 
and C sections show the vein-pattern fraction on the fracture surface increases as the 
order of a1, b1, and c1, which indicate the viscosity change during compression tests 
decreases as the order of C, B, and A section. Figure 6 a2, b2, and c2 give the melting 
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regions for A, B, and C sections. The melting phenomenon is less and less significant as 
the order of C, B, and A sections, It is indicated that the temperature increase or the 
energy release when the materials fail increases as the order of A, B, and C section in 
agreement with the free-volume increases. This phenomenon is also in agreement with 
DSC results. After fatigue deformation, more energy is released for A section, and some 
energy is released for B section. However, no energy released for C section. Thus, the 
further released energy during compression tests should be increased as the order of A, B, 
and C. The temperature increase when the samples fail under compression tests should be 
in the order of A, B, and C in agreement with the change of the vein-pattern percentage 
on the fracture surface.  
7.3 Summary 
1 Shear bands are formed on the tension surface of the samples with the maximum 
stress much lower than the yield stress after four-point-bend fatigue experiments. 
The shear-band density of A section (the inner pins) is higher than B section 
(between inner and outer pins). No shear bands are observes in C section (outside 
the outer pins). The shear-band distribution of the different sections is related to 
the stress distribution. 
2 The crystallization-peak area is the smallest within the inner pins, then between 
inner and outer pins, and the largest outside the outer pins, which indicates the 
energy-release difference during fatigue processes.  
3 The fatigue softening is proved by the strength decrease for the sections of inner 
pins and between inner and outer pins after fatigue tests, compared with the 
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section, outside the outer pins.  
4 The deformation becomes more homogeneous as the shear-band density induced 
in the fatigue process increases. The reason is that materials become more stable 
after the energy released during the fatigue process. 
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CHAPTER 8: DEFORMATION AND FATIGUE BEHAVIOR OF 
ZR50AL10CU37PD3 BMGS UNDER COMPRESSION-COMPRESSION 
CYCLIC LOADING  
8.1 Introduction 
 Bulk-metallic glasses (BMGs) have been widely investigated during the past 15 
years due to their high strength, high hardness, and high fracture toughness, excellent 
corrosion, friction, and wear resistance, good magnetic properties and so on.(1-2) To 
realize their potential structural applications, the understanding of the mechanical 
properties is paramount, with fatigue properties being of critical importance for the 
applications involving cyclic loading.(3-6) Some results have been obtained under three-
point-bend, four-point-bend, and tension-tension loading conditions. The fatigue-failure 
surfaces typically include the crack initiation, propagation, fast fracture, and melting 
regions, in which the crack-propagation area generally dominates the entire fatigue 
life.(7-10) However, few compression-compression fatigue studies were performed.(11-
12) The stress state of the compression-compression fatigue is significantly different 
from three-point-bend, four-point-bend, and tension-tension fatigue. Are the fatigue life 
and fatigue-endurance limit different for fatigue tests under various loading conditions? 
Are there any variations for the deformation mechanisms under different fatigue loading 
conditions? All these questions are worthy of investigations. 
 In this part, the Zr50Al10Cu37Pd3 BMG with some nano-scale phases was prepared. 
The stress versus cycle-life (S/N) curve was studied under the compression-compression 
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fatigue-testing conditions. The surface and the fracture morphology after fatigue were 
observed, and the mechanisms of the fatigue and fracture were analyzed. The difference 
between compression-compression and tension-tension fatigue mechanisms was 
discussed. 
8.2 Results and Discussions 
8.2.1 XRD and HRTEM 
 The XRD pattern mainly consists of a broad peak in Figure 8:1a. There are no 
appreciable diffraction peaks corresponding to crystalline phases, indicating that the 
amorphous nature of the present alloy is present. Figure 8:1b shows high-resolution 
transmission-electron microscopy (HRTEM) and selected-area-diffraction (SAD) images, 
which display a typical maze-like pattern expected to be the amorphous structure. 
However, there are some nano-crystalline particles with a diameter less than 5 nm.(13) 
8.2.2 Stress versus life curves 
 The fatigue-endurance limits of high-strength crystalline metallic materials are 
typical roughly equal to half of the ultimate tensile strength.(11) Above the fatigue-
endurance limit, the fatigue life is usually dominated by the loading cycles needed to 
initiate fatigue damage, generally in the form of a fatigue crack, rather than the cycles 
needed to propagate the damage. Up to now, according to the reported result, some bulk-
metallic glasses have relatively low fatigue-endurance limits under three-point-bend and 
four-point-bend loading conditions.(14-16) This trend could be explained as follows. The 
bulk-metallic glass is generally fabricated using the arc melt plus suction or drop casting. 
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The surface imperfections, such as shallow pits, polishing scratches, holes, and so on, are 
not avoidable. These pre-existing defects and their propagation during the early stages of 
fatigue could cause the low fatigue-endurance limits. Another probability to cause 
relatively low fatigue-endurance limits of bulk-metallic glasses is the tension stress under 
three-point-bend and four-point-bend fatigue tests. The strength of the bulk-metallic glass 
is generally obtained from compression tests not from tension tests. The compression 
strength is larger than the tension strength due to the deviation from the Von-Misses 
criteria of the BMGs. It could be deducted that the tension stress is deleterious for the 
strength and probably the fatigue-endurance limit under fatigue tests. However, some 
other bulk-metallic glasses have relative high fatigue-endurance limits under tension-
tension fatigue tests.(17-19) The relative high fatigue-endurance limit could be related to 
the specimen geometries and testing procedures. The test volume under the four-point-
bend condition is greater than that in the notched tension-tension sample. The smaller test 
volume in the tension-tension test could contain fewer defects, stress raisers, and free 
volumes, which will decrease the possibilities for the shear-band formation, crack 
initiation, and, thus, improve the fatigue-endurance limit. From the previous investigation, 
the stress-state effect is still not clear. If the tension stress is taken out, such as under 
compression-compression fatigue tests, how will the fatigue life and fatigue-endurance 
limit change? 
 The stress range, ∆σ (=σmax. - σmin., σmax. and σmin. are the maximum and 
minimum fatigue stress, respectively), is plotted as a function of cycles to failure, Nf, for 
the Zr50Al10Cu37Pd3 BMG under compression-compression fatigue (R = 10) and notched 
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tension-tension fatigue (R = 0.1) in Figure 8:2 (indicated by the dots or and stars, 
respectively). The relationship between the maximum stress and the fatigue life above the 
fatigue-endurance limit under compression-compression fatigue could be expressed by 
the following Equations 8:1 and 8:2: 
Compression-compression fatigue test: 3584.5 410.7 log fNσΔ = −  
(8:1) 
Tension-tension fatigue test: 2468.8 369.4log fNσΔ = −  
(8:2) 
According to the stress-life curves, the fatigue life under the compression-compression 
fatigue is much longer than that under the tension-tension fatigue above the fatigue-
endurance limit shown in Figure 8:2a. Although with the longer fatigue life above the 
fatigue-endurance limit under the compression-compression fatigue, the fatigue-
endurance limit under the compression-compression fatigue is comparable with that 
under the tension-tension fatigue. It appears that the stress state (compression-
compression or tension-tension) could only affect the fatigue life above fatigue-
endurance limit but not the fatigue-endurance limit. This result has some discrepancy 
with the literature results, as discussed below.(11) 
 As shown in Figure 8:2, Hess et al. reported that the stress range (∆σ = σmax. - 
σmin.) versus fatigue life curves for Zr41.25Ti13.75Ni10Cu12.5Be22.5 bulk-metallic glass under 
different kinds of fatigue tests (open dots).(11) The results exhibit that not only the 
fatigue life under the compression-compression fatigue (open circle dots) is much longer 
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than those of four-point-bend (open square dots) and fully reversed tension-compression 
fatigue (open triangular dots). The fatigue-endurance limit under compression-
compression fatigue is also much higher than four-point-bend and tension-compression 
fatigue. This result indicates that the stress states (four-point bend, tension-compression, 
and compression-compression) influence not only the fatigue life but also the fatigue-
endurance limit, which is different from our result with only longer fatigue lives but 
comparable fatigue-endurance limits under the compression-compression fatigue, relative 
to the tension-tension fatigue.  
 Comparing our results with Hess’ data, both the fatigue life and fatigue–
endurance limit of Zr50Al10Cu37Pd3 (solid circle dots) based on the stress range are 
comparable with those of Zr41.25Ti13.75Ni10Cu12.5Be22.5 (open circle dots) under 
compression-compression fatigue tests shown in Figure 8:2. Generally, the fatigue-
endurance limit is affected by the strength, and the fatigue life is dominated by the crack-
propagation region for bulk-metallic glass.(10, 12, 16) Since the compression strengths of 
both Zr50Al10Cu37Pd3 and Zr41.25Ti13.75Ni10Cu12.5Be22.5 are both estimated to be 1,900 
MPa, the comparable fatigue-endurance limit should be reasonable. The structure of 
Zr41.25Ti13.75Ni10Cu12.5Be22.5 is a pure glass, while the structure of Zr50Al10Cu37Pd3 is a 
glass matrix with some nano-particles. The size of nano-particles is less than 5 nm, which 
may not have very large effects on the crack propagation. Thus, the comparable fatigue 
life of Zr50Al10Cu37Pd3 and Zr41.25Ti13.75Ni10Cu12.5Be22.5 can also be understood. The 
compression strength is usually higher than the tension strength. The fatigue-endurance 
limit without the tension stress should be higher than that with the tension strength, which 
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means that the fatigue-endurance limit under compression-compression should be higher 
than that of the four-point-bend or tension–compression condition. Now the question is 
why our result exhibits the comparable fatigue-endurance limit but not the higher fatigue-
endurance limit under the compression-compression fatigue, relative to the tension-
tension fatigue. 
 The possible reason is given as follows. For the bulk-metallic glass, the fatigue 
life above the fatigue-endurance limit for BMG is generally dominated by the number of 
cycles needed to propagate the damage to a critical size. That is to say, the fatigue life of 
bulk-metallic-glass materials is controlled by the crack-propagation region not the 
initiation region.(10, 12, 16) When the stress range is higher than the fatigue-endurance 
limit, there is the crack-propagation region, which determines the fatigue life. The crack 
could propagate faster under the tension-tension stress than under the compression-
compression stress, which could cause the relative longer fatigue life under the 
compression-compression test. While, when the stress range is lower than the fatigue-
endurance limit, there is no crack-propagation region. Thus, the fatigue failure 
mechanism of bulk-metallic glasses could not be used when the fatigue-endurance limit is 
discussed. The fatigue-endurance limit could probably be related to the maximum stress 
to cause cracks to initiate like in the case of crystalline materials. If the bulk-metallic 
glasses do not fail, the brittleness will not be shown. The maximum stress to cause cracks 
to initiate under the tension-tension and the compression-compression tests could be 
comparable. Thus, the fatigue-endurance limits could be comparable under tension-
tension and compression-compression experiments. If this explanation is right, the 
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fatigue-endurance limits under different stress states will not have too much difference. 
Some results also show the similar fatigue-endurance-limits under four-point-bend and 
tension-tension tests.(19) It should be studied further carefully.  
8.2.3 Fracture surfaces 
 The fatigue crack can originate from the local shear bands in Figure 8:3b, as 
shown in Figures 8:3c and 8:3d. Spaepen (20) proposed the reason. There exits an 
excessive free volume within a narrow shear band due to shear-induced disordering and 
diffusion-controlled reordering. The free-volume region is mechanically weak relative to 
the surrounding volume. Thus, a shear band could be regarded as the potential site for the 
nucleation of a fatigue crack shown in Figures 8:3c and 3d. 
 The significant shear bands form and pass through the whole shear plane under 
the compression-compression fatigue shown in Figure 8:3b when maximum stress equal 
1,806 MPa. The more shear bands form under compression-compression than tension-
tension, suggesting the better plasticity under compression-compression.(17-19) The 
reason is that the plastic deformation of the materials is affected by the stress-state 
coefficient, which is defined in the following Equation 8:3: 
( )max 1 3max 1 1 32S
τ σ σα σ υ σ σ
−= = − +⎡ ⎤⎣ ⎦
 
(8:3) 
where maxτ is the maximum shear stress calculated by the third strength theory, Smax is the 
maximum normal stress calculated by the second strength theory, σ1, σ2, andσ3 are the 
maximum and minimum principle stress, and υ  is the Poison’s ratio. 
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Under a uni-axial tension stress (tension mean stress in the tension-tension fatigue): 
1 2 3, 0, 1/ 2σ σ σ σ α= = = =  
Under a uni-axial compression stress (compressions mean stress in the compression-
compression fatigue): 
1 2 30, , 2σ σ σ σ α= = = − =  
 
Generally, higher α  correlates to the larger plastic deformation under compression-
compression fatigue, while lower α  correlated to the smaller plastic deformation under 
tension-tension fatigue. Thus, more shear bands could be formed under compression-
compression fatigue tests.(17-19) 
 The fracture surface of the fatigued bulk-metallic glass occurs along near the 45° 
maximum shear plane under compression-compression-fatigue tests shown in Figure 8: 
3a. However, the fracture surface is generally perpendicular to the loading direction 
under tension-tension tests.(17-19) Why is there a difference in the angle of the fracture 
plane under the compression-compression and tension-tension tests? The reason for the 
fatigue-fractured plane perpendicular to the loading direction under the tension-tension 
fatigue has been explained by Zhang.(10) Although the shear bands form at the beginning 
of the fatigue-damage process along the 45° shear plane, the crack propagation is 
perpendicular to the load direction. This trend caused the final fracture surface to be 
perpendicular to the loading direction. The reason that the crack propagates perpendicular 
to the loading direction not along the shear-band direction continuously was not given. 
 The different fracture surface could also be explained by the stress-state 
coefficient shown in Figure 8:4. The fracture strength of the materials (σf) is about 1.9 
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GPa. The shear fracture strength (τf) could be estimated to be1.9 / 2 1.343GPa= . Under 
the uni-axial tension stress, the shear bands form, and the cracks initiate from the shear 
bands. The materials reach the fracture strength before it reach the shear-fracture strength. 
The normal stress is the main factor to affect the fracture. The fracture is a Mode I mixed 
with Mode II but the Mode I is the principle. However, under the uni-axial compression 
stress, the shear bands also form, and cracks initiate from the shear bands. The materials 
reach the shear-fracture strength before it reach the fracture strength. The fracture is also 
Mode I plus Mode II but Mode II is the principle. Mode I causes the fracture surface 
vertical to the uni-axial tension direction under tension-tension fatigue. However, Mode 
II causes the fracture surface along the ~ 45o shear plane.  
 The fatigue-damage processes of bulk-metallic glass generally include the 
following steps. First, shear bands form at the beginning of the fatigue process. The 
presence of a shear band in the glass reduces its strength by providing a site for a further 
plastic flow. Micro-cracks develop along the shear bands, which form the crack-initiation 
region. Under cyclic loading, the cracks propagate. As the crack propagates, the area to 
endure the load becomes smaller and smaller, and the stress becomes larger and larger. At 
the end, the fast-fracture region forms. In the fast-fracture region, the fracture velocity is 
so fast that the elastic energy releases at a relative short time. The temperature increase 
results in the formation of the vein pattern. (1-2) As the fracture proceeds continuously, 
the residual-loading area is too small to endure the further deformation. The fracture 
occurs abruptly. The last failure causes the sudden release of the elastic energy, and the 
temperature increase so much that the melting region forms.(10) 
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 The fatigue-damage process of the compression-compression fatigue test is 
similar to other kinds of fatigue experiments, including the crack-initiation, propagation, 
fast-fracture, and melting regions. The fracture morphology is shown in Figure 8:5a-5f. 
Figure 8:5a is the crack-propagation region; Figure 8:5b is the crack-propagation region 
near the fast fracture; Figure 8:5c the boundary between the crack-propagation region and 
the fast-fracture region; Figure 8:5d is the fast-fracture region; Figure 8:5e is the 
boundary between the fast-fracture and the local-melting region; and Figure 5f is the 
melting region. Due to different stress states, there are some differences in the fracture 
morphologies between compression-compression and tension-tension experiments.  
 First, there are many fatigue striations because of the blunting and re-sharpening 
of the crack under the tension-tension cyclic-loading conditions.(10, 12) However, there 
are no fatigue striations in the crack-propagation region under the compression-
compression fatigue shown in Figure 8:5a.(17-19) This trend could possibly result from 
the absence of the tension stress under compression-compression experiments and the 
weakness of the shear bands. The high free volume in the shear band leads to the 
decrease of the viscosity of the bulk-metallic glass, which causes the velocity of the crack 
propagation to increase at high-tension stresses and decrease at relative low-tension 
stresses due to the crack-propagation plane enduring the normal stress. The re-sharpening 
and blunting of the crack propagation caused by the change of the fracture velocity 
results in the formation of the fatigue striation (Mode I). However, there is no tension 
stress under the compression-compression fatigue test. The change of the velocity of the 
crack propagation under the compression-compression test is not as significant as that 
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under the tension-tension test because of the blockage of an un-fractured part on the 
fracture part. The blunting and re-sharpening of the crack propagation is not significant, 
either. Thus, the fatigue striation could not be formed under the compression-
compression test shown in Figure 8:5a (Mode II). Second, there is a clear boundary 
between the crack-propagation and fast-fracture regions under the tension-tension test. 
The corresponding fracture morphologies are the fatigue striation and vein pattern, 
respectively. However, under the compression-compression fatigue, although there is also 
a clear boundary, the fracture morphologies of both the crack-propagation near the 
boundary and fast-fracture regions are vein patterns except with different vein pattern 
sizes. The smaller vein pattern size in the crack-propagation region could suggest a 
relatively slow fracture velocity, compared with the larger vein pattern size in the fast-
fracture region shown in Figure 8:5b-5d. This result could indicate that the transition 
from the crack-propagation region to fast-fracture region is very slow in the compression-
compression fatigue, which could probably be the reason of the longer fatigue life above 
the fatigue-endurance limit, relative to the tension-tension fatigue. Third, the melting 
region under tension-tension fatigue tests usually consists of large vein patterns combined 
with some droplets. However, nearly no vein pattern was observed in the melting region 
under the compression-compression fatigue shown in Figure 8:5e and 5f. The whole 
melting region is almost covered by the solidified liquid. The energy could be stored in 
the materials during the fatigue test as the fatigue cycles increase. When the materials 
fracture, the stored energy de-absorb, which could lead to the increase of the temperature. 
Since the fatigue life under the compression-compression fatigue test is much longer than 
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tension-tension fatigue tests. More energy could be de-absorbed in the materials, which 
cause more materials melt under the compression-compression fatigue.  
8.3 Summary 
1 The fatigue life of the compression-compression fatigue is much longer                    
than that of the tension-tension fatigue. 
2 The fatigue-endurance limit of the compression-compression fatigue is 
comparable with that of the tension-tension fatigue. 
3 The fracture surface of the sample under the compression-compression fatigue is 
along the ~ 45° shear fracture, while the fracture surface of the sample under the 
tension-tension fatigue is vertical to the loading axis.  
4 Some shear bands under the compression-compression fatigue could be observed 
even at the stress level lower than the yield stress, while the shear bands can be 
generally observed above the yield stress under the compression test. 
5 The cracks are present clearly on the specimen surface, which could be related to 
the extension of shear bands. 
6 The fracture surface could be divided into the crack-initiation, crack-propagation, 
fast-fracture, and melting regions. There are significant boundaries between 
regions. The difference on the facture surfaces of three-point-bend, four-point- 
bend, and tension-tension tests is that there are no fatigue striations in the crack-
propagation region in the compression-compression tests. The fracture 
morphologies just before and after the fast-fracture region are both vein patterns 
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with different sizes. There is a large area covered by the solidified liquid in the 
melting region, which could be caused by the more abrupt fracture under the 
compression-compression stress. 
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CHAPTER 9: THE S/N STATISTICS MODELING OF BMGS UNDER 
COMPRESSION-COMPRESSION AND FOUR-POINT-BEND 
FATIGUE 
9.1 Introduction 
 The deformation and failure behaviors of BMGs has been discussed in chapter 6 
under four-point bend cyclic loading and chapter 8 under compression-compression 
cyclic loading.(1-2) There are some differences in the fatigue life and fatigue failure 
surface under various loading modes. The fatigue life under compression-compression 
cyclic loading is much higher than those under four-point-bend cyclic loading. There are 
many fatigue striations in the four-point-bend fatigue failure surface but not any fatigue 
striation in the compression-compression fatigue failure surface. The melting 
phenomenon under the compression-compression is more significant than four-point-
bend. The conclusions are obtained that the fracture under four-point-bend cyclic loading 
is open mode (Mode I) and the fracture under compression-compression cyclic loading is 
shear mode (Mode II). Open mode fracture with the tension stress can accelerate and the 
shear mode fracture with the compression stress can slow the fatigue failure of BMGs. 
 In order to further prove the previous conclusions, the fatigue data of BMGs with 
various compositions under different loading modes are collected from the literature. The 
general S/N statistics modeling is obtained. The fatigue deformation and failure 
mechanism of BMGs could be further understood. 
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9.2 Results and Discussions 
 The fatigue data is collected from the literature.(1-13) In order to avoid the 
strength effect, the stress range is divided by the fracture strength to obtain the stress ratio 
(stress range/fracture strength). The stress ratio versus fatigue cycles to failure is shown 
in Figure 9:1a and b under compression-compression and four-point-bend cyclic loading, 
respectively. The fatigue life and fatigue-endurance limit is not sensitive to the sample 
compositions under the same loading mode, which indicates that bulk-metallic glass with 
different compositions could be considered as the same homogeneous solids after being 
corrected by the yield strength. In order to discuss the loading mode effect on the fatigue 
life and fatigue-endurance limit, the experimental data with different compositions under 
different loading modes is shown in Figure 9:2. It shows the significantly linear trend 
when the stress ratio is higher than the fatigue-endurance limit corresponding to the 107 
fatigue cycles. The linear relationship between the stress ratio and fatigue cycles for the 
different loading modes could be shown: 
Compression-compression cyclic loading: 
)(0636552.0372966.0)( ii lesFatigueCycLogoStressRatiLog ×−=  
(9:1) 
Four-point-bend cyclic loading: 
)(2343326.01130013.1)( ii lesFatigueCycLogoStressRatiLog ×−=  
 (9:2) 
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The mean confidence interval of the stress ratio at a specific fatigue cycle could be 
calculated by: 
( ) ( ) ( )( ) ⎥⎥
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t means the T-distribution, α is the significance level, n is the number of the experimental 
data, and MSE is the error mean square, which could be obtained from the statistics- 
fitting results, and x is the mean fatigue cycles. 
The individual confidence interval for the stress ratio at a specific fatigue cycle could be 
obtained by: 
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(9:5) 
The statistic-analysis results are given in Figure 9:3. The mean and individual confidence 
intervals are drawn in Figure 9:2 using the dash lines under different loading modes. 
According to the individual confidence interval, the fatigue-life range of a new bulk-
metallic glass at a specific stress ratio could be predicted. The tedious fatigue 
experiments could be avoided when the new bulk-metallic glass is used in the fatigue 
environments. 
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 The fatigue-endurance limit is generally set at the maximum stress ratio 
corresponding to the 107 fatigue cycles. The fatigue data could be divided into two 
categories, including 1 (Fail if the fatigue cycles to failure < 107) or 0 (Limit if the fatigue 
cycles ≥ 107). The logistic regression could be used to model the fatigue-failure 
probability at a specific stress ratio shown in Figures 9:4a and b. The mathematic 
relationship could be given as follows: 
Compression-compression cyclic loading: 
ii
i
i
e xxP
P
82.839.3
1
log 10 −=−=− ββ  
(9:4) 
Four-point-bend cyclic loading: 
ii
i
i
e xxP
P
78.1244.1
1
log 10 −=−=− ββ  
(9:5) 
Pi is the fatigue-failure probability at the stress ratio xi. The calculated fatigue failure 
probability and the stress ratio are drawn in Figure 9:4d. It could be seen that the fatigue- 
failure probability increases as the stress ratio increases, which is in agreement with the 
materials-fatigue theory that the higher stress ratio has lower fatigue life. At the same 
stress ratio, the fatigue-failure probability under compression-compression cyclic loading 
is lower than four-point-bend cyclic loading. From this viewpoint, at the same stress ratio, 
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the compression-compression cyclic loading should have longer fatigue lives than four-
point-bend cyclic loading. The conclusion could be drawn that the tension stress could 
accelerate the fatigue failure and the compression stress could slow the failure, which is 
also mentioned in the crystalline materials.(14)  
9.3 Future work 
 If the tension-tension fatigue results are included, the stress ratio and fatigue life 
curve is shown in Figure 9:7. The fatigue life and fatigue-endurance limit of the tension-
tension fatigue is between the four-point-bend fatigue and compression-compression 
fatigue. It is difficult to understand since the tension stress can accelerate the fatigue 
failure, which needs further investigation as the following steps: 
1. The small notch is designed for the tension-tension fatigue tests. The stress 
concentration factor is estimated to be 1.55. Whether the estimated stress 
concentrator is reasonable.  
2. The small notch sample has a geometry restriction on the shear bands 
propagation. The restriction of the shear bands could improve the strength the 
ductility significantly. Whether the improved strength and ductility could 
affect the fatigue life obtained from the experiments. 
3. The shear bands generally form from the maximum shear stress location. The 
maximum shear stress does not locate the notch root but in the middle of the 
notch root and maximum sample cross section area. Whether the deviation of 
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the shear bands initiation could result in the fracture surface deviation from 
the notch root. 
4. The stress field will change after the shear bands. The softening phenomenon 
could happen at the shear bands. Whether the stress field changes will affect 
the fatigue life and fatigue-endurance limit.  
9.4 Summary 
1. From the statistics, the fatigue life under compression-compression fatigue is 
much longer than that under four-point-bend fatigue. The tension stress can 
accelerate the fatigue failure and compression stress can slow down the failure.  
2. The fatigue life at a specific fatigue stress ratio under compression-compression 
and four-point-bend fatigue could be predicted from the linear-regression results. 
3. The fatigue-failure probability at a specific stress ratio under compression-
compression and four-point fatigue could be predicted from the Logistic 
Regression. 
4. The future work is provided based on the relative longer fatigue life under 
tension-tension fatigue.  
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Table 5:1 Typical temperatures of (Zr55Al10Ni5Cu30)99Y1 BMGs, including Tg (glass- 
transition temperature), Tx (crystallization temperature), Tp (crystallization-peak 
temperature), and ∆Tx (= Tx - Tg, supercooled liquid region). 
Temperature 
Heating rate 
Tg (K) Tx (K) Tp (K) ∆Tx (K) 
20 K/min. 667.3 748.9 756.4 81.6 
40 K/min. 673.2 761.4 768.1 88.2 
60 K/min. 677.3 770.5 775.7 93.2 
80 K/min. 679.7 774.7 780.7 95.0 
 
Table 5:2 Typical temperatures of Cu45Zr47.5Ag7.5 BMGs including Tg (glass-transition 
temperature), Tx (crystallization temperature), Tp (crystallization-peak temperature), and 
∆Tx (= Tx - Tg supercooled liquid region). 
Temperature 
Heating rate 
Tg (K) Tx (K) Tp (K) ∆Tx (K) 
20 K/min. 667.7 726.5 7730.7 58.8 
40 K/min. 675.1 737.3 740.2 62.2 
60 K/min. 680.5 741.5 746.2 61.0 
80 K/min. 679.5 743.6 748.3 64.1 
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Chapter 1: 
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Figure 1:1 Gibbs-free energy of solid and liquid. Gl and Gx are the Gibbs-free energies 
for the liquid and crystal, respectively, Sl and Sx are the entropies for the liquid and 
crystal, respectively, Tm is the melting temperature, and Tk is the Klement 
temperature.(14) 
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Figure 1:2 Arrhenius plots of the viscosity data scaled by values of T showing 
the ”strong-fragile” pattern of the liquid behavior on which the liquid’s classification of 
the same name is based. As shown in the insert, the jump in C, at T, is generally large for 
the fragile liquids and small for strong liquids, although there are a number of exceptions, 
particularly when hydrogen bonding is present.(21) 
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Figure 1:3 Time-Temperature-Transformation (TTT) diagram.(31) 
 
600
800
1000
1200
Heating, Hc
Tx
Tg
Crystalline
Crystalline
Te
m
pe
ra
tu
re
, K
Time, s
Liquid Tl
1/2(Tg+Tl)
Cooling, Rc
  152 
 
Figure 1:4 DTA curve of the (Zr58Ni13.6Cu18Al10.4)Nb1 bulk-metallic glass.(30) 
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Figure 1:5 Spaepen’s free-volume model. Top: Plastic flow; Bottom: Free-volume 
evolution.(34) 
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Figure 1:6 Shape of the assumed interlayer shear resistance of a metallic glass: solid 
curve after Foreman and dotted curve actually using a linear approximation.(35) 
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Figure 1:7 A diffuse shear transformation inside a spherical volume element, Ωf, is 
favored at high temperatures T > 0.68Tg.(35) 
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Figure 1:8 A more intense shear transformation in a disk-shaped volume element, which 
is favored at low temperatures.(34) 
Ωf 
σ 
σ 
σ 
σ 
  157 
 
 
 
 
Figure 1:9 (a) Potential energy, (b) force, and (c) stiffness changes with the inner atomic 
distance.(36) 
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Figure 1:10 (a) Steady-state homogeneous flow data for a Zr-Ti-Ni-Cu-Be metallic glass 
at elevated temperatures.(38) 
  159 
 
Figure 1:11 Non-steady-state homogeneous flow for Zr-Ti-Ni-Cu-Be metallic glass at 
370 oC.(38) 
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Figure 1:12 Examples of mechanical-test data that illustrate a serrated flow of metallic 
glasses, through a repeated shear-band operation in confined loading. In (a), the 
compression response of a Pd77.5Cu6Si16.5 specimen of a low aspect ratio is shown, while 
(b) is an instrumented indentation curve for a Pd40Cu30Ni10P20 glass. Because (a) 
represents a displacement-controlled experiment, and serrations are represented as load 
drops, while the load-controlled experiment in (b) exhibits the displacement bursts.(40) 
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Figure 1:13 Scanning-electron micrographs illustrating the slip steps or surface offsets 
associated with shear bands in deformed metallic glasses. In (a) a bent strip of 
Zr57Nb5Al10Cu15.4Ni12.6 illustrates slip steps formed in both tensile and compressive 
modes of loading, on the top and bottom surfaces, respectively.(41) In (b) the side of a 
compression specimen of Zr52.5Cu17.9Ni14.6Al10Ti5 is shown, for which the loading axis 
was vertical; here the slip steps document shear deformation at an inclined angle to the 
applied compressive load.(42) 
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Figure 1:14 Enlarged portion of the empirical deformation map for Pd-based metallic 
glasses. The heavy line is the boundary between regions of homogeneous and 
inhomogeneous flows.(32) 
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Figure 1:15 The deformation map of Pd-Ni-P and Mg-Cu-Gd metallic glasses, plotting 
the effective strain rate during indentation versus the homogeneous test temperature. The 
symbols are shaded according to the degree of flow serration, and the transition from 
inhomogeneous to homogeneous flows.(40) 
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Figure 1:16 Deformation-mechanism map with respect to the varying environment 
temperature, and applied strain rate. The transition from homogeneous to inhomogeneous 
deformation modes occurs at high temperatures and low strain rates. The dashed line 
shows the condition for the unstable growth of a given wavelength, illustrating the 
transition from coarse to fine shear-band arrangements.(61-62) 
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Figure 1:17 Shear-band initiation under a simple shear. Dashed lines, having a slope of 
−μw/(λ − w), are tangent to the stress-train curve at the two bifurcation points.(61) 
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Figure 1:18 Stress-strain curves of Zr-Cu-Al-Ni-Ti metallic glassy specimens for 
different strain rates under (a) compressive loading and (b) tensile loading.(71) 
A: Strain rate = 4.5 × 10-5 /s 
B: Strain rate = 4.5 × 10-3 /s 
A: Strain rate = 3 × 10-2 /s 
B: Strain rate = 3 × 10-3 /s 
C: Strain rate = 3 × 10-4 /s 
D: Strain rate = 3 × 10-5 /s 
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Figure 1:19 SEM micrographs revealing the compressive fracture feature of Zr-Cu-Al-
Ni-Ti BMGs (a) Shear fracture of the compressive specimen, (b) Vein pattern, (c) 
Amplified vein pattern, and (d) Shear bands on the specimen surface.(71) 
(a) (b) 
(c) (d) 
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Figure 1:20 SEM micrographs revealing the tensile fracture feature of Zr-Cu-Al-Ni-Ti 
BMGs, (a) Shear fracture of the tensile specimen, (b) Vein pattern, (c) Amplified vein 
pattern, and (d) Shear bands on the specimen surfaces.(71) 
(a) (b) 
(c) (d) 
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Figure 1:21 Illustration of critical fracture stresses of metallic glasses. (a) Critical shear 
stress, τ0, without a normal stress; (b) critical shear-fracture stress, τC, under the condition 
with a normal compressive stress, σC; (c) critical shear-fracture stress, τT, under the 
condition with a normal tension stress, σT .(71) 
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Figure 1:22 (a) Stress under compression could be divided into the normal stress 
perpendicular to the fracture surface and the shear stress along the fracture surface (b) 
Stress under tension could be divided into the normal stress perpendicular to the fracture 
surface and the shear stress along the fracture surface.(71) 
(b) 
 
(a) 
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Figure 1:23 Illustration of the variation of the normal and shear stresses, and fracture 
stresses on the fracture plane of a specimen under tensile and compressive loading.(71) 
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Figure 1:24 (a) Overall fatigue-failure surface of the Zr-Al-Ni-Cu with several crack- 
initiation locations on the notch surface; (b) fatigue-propagation region with fatigue 
striations, (c) fast-fracture region with vein patterns, and (d) melting region with droplets. 
(74) 
(a) 
(b)
(c) 
(d) 
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Figure 2:1 (a) The arc-melt plus drop/suction casting system, (b) The copper mold for 
drop casting, and (c) The copper mold for suction casting.(2) 
(a) (b) 
(c) 
75 mm
75 mm75 mm
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Figure 2:2 A schematic of the synchrotron-diffraction apparatus.  
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Figure 3:1 Engineering stress-strain curves of (Zr55Al10Ni5Cu30)99Y1 BMGs with the 
same strain rate for the loading and reloading processes. (a) 5 × 10-4 /s and (b) 10-2 /s. 
Note that the stress decrease for the reloading than the loading, indicating the strain 
softening during the plastic deformation. 
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Figure 3:2 The amplified engineering stress-strain curves of (Zr55Al10Ni5Cu30)99Y1 BMGs 
for the strain from 4% to 7% with different strain rates, including 5 ×10-4 /s and 10-2 /s. 
Note that the decrease of the serration-stress-fluctuation ranges from 21 MPa to 15 MPa 
for the strain rate of 5×10-4 /s and 10-2 /s, respectively. 
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Figure 3:3 The ex-situ shear-band observation of (Zr55Al10Ni5Cu30)99Y1 BMGs after 
deformation with different strain rates (a) 5 × 10-4 /s and (b) 10-2 /s. Note that the shear- 
band step for the strain rate of 10-2 /s is larger than those of 5 ×10-4 /s, and the shear- 
band density for the strain rate of 5 ×10-4 /s is lower than that for 10-2 /s.  
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Figure 3:4 Free-volume changes of (Zr55Al10Ni5Cu30)99Y1 BMGs before and after 
deformation with different strain rates. (a) As cast, (b) After deformation with the low 
strain rate of 5 × 10-4 /s, and (c) After deformation with the high strain rate of 10-2 /s. 
Note that the free-volume increase is more significant at the high strain rate than at the 
low strain rate. 
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Figure 3:5 Synchrotron-diffraction patterns before and after deformation with the 
different strain rates. (a) Before deformation (Red), (b) After deformation with the low 
strain rate of 5 × 10-4 /s (Blue), and (c) After deformation with the high strain rate 10-2 /s 
(Green). Note that there is no clear crystallization phase formation even after the 
deformation with different strain rates.  
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Figure 3:6 Engineering stress-strain curves of (Zr55Al10Ni5Cu30)99Y1 BMGs at various 
combinations of the strain rates for the loading and reloading. (a) Decreased strain rates 
from 10-3 /s to 5 × 10-4 /s and (b) Increased strain rates from 10-3 /s to 10-2 /s. Note that 
for the decreased strain-rate combination, the stress for the reloading process is higher 
than that for the loading process, which is strain-hardening dependent on the strain rate. 
For the increased strain-rate combination, the stress for the reloading process is lower 
than that for the loading process, which is strain-softening dependent on the strain rate. 
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Figure 4:1 Engineering stress-strain curves of Cu45Zr47.5Ag7.5 BMGs with the same strain 
rate for the loading and reloading processes.  (a) 8 × 10-4 /s and (b) 1.58 × 10-2 /s. Note 
that the strain softening happens during deformation with the strain rate of 8 × 10-4 /s, 
accompanied by the stress decrease of ~ -28 MPa, and the strain hardening happens 
during deformation with the strain rate of 1.58 × 10-2 /s, accompanied by the stress 
increase of ~ 26 MPa. 
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Figure 4:2 DSC results of Cu45Zr47.5Ag7.5 BMGs before and after deformation (a) Before 
deformation, (b) 8 × 10-4 /s, and (c) 1.58 × 10-2 /s. Note that the free-volume increase 
after deformation, but the free-volume increase after deformation with the low strain rate 
is more significant than that with the high strain rate. The crystallization-peak area 
decreases after deformation, but the peak-area decrease at the high strain rate is more 
significant than that at the low strain rate. 
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Figure 4:3 Synchrotron diffraction of Cu45Zr47.5Ag7.5 BMGs before and after deformation 
to a plastic strain of ~ 40 - 60% with the strain rate of (a) before deformation, (b) after 
deformation with the strain rate of 8 × 10-4 /s, (c) after deformation with the strain rate of 
1.58 × 10-2 /s, and (d) synchrotron diffraction of Cu45Zr47.5Ag7.5 BMGs before and after 
deformation with different strain rates. Note that the microstructure before and after 
deformation with the low strain rate is amorphous. However, the microstructure after 
deformation with the high strain rate has some crystallization peaks superimposed on the 
amorphous peak. It indicated that there is some crystallization after deformation with the 
high strain rate. 
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Figure 5:1 Continuous heating DSC curves of metallic glasses at different heating rates (a) 
(Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that the supercooled-liquid region of 
(Zr55Al10Ni5Cu30)99Y1 is wider than that of Cu45Zr47.5Ag7.5 (~ 23 K), indicating that 
(Zr55Al10Ni5Cu30)99Y1 has a higher thermal stability than Cu45Zr47.5Ag7.5 on continuous 
heating. 
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Figure 5:2 Kissinger plots of metallic glasses (a) (Zr55Al10Ni5Cu30)99Y1 and (b) 
Cu45Zr47.5Ag7.5. Note that the glass-transition-activation energy of (Zr55Al10Ni5Cu30)99Y1 
is much higher than that of Cu45Zr47.5Ag7.5, indicating that it is much more difficult for 
(Zr55Al10Ni5Cu30)99Y1 to relax than Cu45Zr47.5Ag7.5. The crystallization and peak- 
activation energies of Cu45Zr47.5Ag7.5 are higher than (Zr55Al10Ni5Cu30)99Y1, suggesting 
that the crystallization growth of Cu45Zr47.5Ag7.5 is faster than that of 
(Zr55Al10Ni5Cu30)99Y1.   
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Figure 5:3 The crystallized fraction as a function of temperature of metallic glasses at 
different heating rates (a) (Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that at the 
same heating rate, the crystallization temperature of (Zr55Al10Ni5Cu30)99Y1 to obtain the 
same crystallization fraction is higher than that of Cu45Zr47.5Ag7.5, also indicating that 
(Zr55Al10Ni5Cu30)99Y1 has a higher thermal stability on the continuous heating. 
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Figure 5:4 The activation energy, Ec, versus crystallized fraction, x, obtained from the 
continuous heating DSC scan (a) (Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that 
the activation energy of (Zr55Al10Ni5Cu30)99Y1 increases as the crystallization fraction 
increases. However the activation energy of Cu45Zr47.5Ag7.5 has the maximum value at 
the crystallization fraction of ~ 40. This trend also suggests that the crystallization growth 
is easier for Cu45Zr47.5Ag7.5 than (Zr55Al10Ni5Cu30)99Y1. 
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Figure 5:5 Iso-thermal heating DSC curves of metallic glasses at different temperatures (a) 
(Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that for both metallic glasses, the 
exothermal heat for the metallic glass at the high temperature is more than at the low 
temperature. 
(a) 
(b) 
  189
4 8 12 16 20 24 28 32 36
0.0
0.2
0.4
0.6
0.8
1.0
(Zr55Al10Ni5Cu30)Y1
C
ry
st
al
liz
at
io
n 
Fr
ac
tio
n,
 x
Time, min
 733 K
 723 K
 713 K
 
0 2 4 6 8 10 12 14 16 18 20
0.0
0.2
0.4
0.6
0.8
1.0
C
ry
st
al
liz
at
io
n 
Fr
ac
tio
n,
 x
Time, min
 713 K
 703 K
 693 K
Cu45Zr47.5Ag7.5
 
Figure 5:6 The crystallized fraction as a function of the annealing time of metallic glasses 
at different temperatures (a) (Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that at 
the same temperature, the incubation time of (Zr55Al10Ni5Cu30)99Y1 is much longer than 
that of Cu45Zr47.5Ag7.5.  
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Figure 5:7 Avrami plots of metallic glasses at different temperatures (a) 
(Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that the slope of the Avrami exponent 
of Cu45Zr47.5Ag7.5 is much higher than that of (Zr55Al10Ni5Cu30)99Y1. 
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Figure 5:8 The Avrami exponents of metallic glasses derived from JMA equation at 
different temperatures (a) (Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that at the 
same temperature, the Avrami exponent of Cu45Zr47.5Ag7.5 is much higher than 
(Zr55Al10Ni5Cu30)99Y1, indicating that (Zr55Al10Ni5Cu30)99Y1 has much a higher thermal 
stability than Cu45Zr47.5Ag7.5. 
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Figure 5:9 Activation energy, Ec, versus crystallized fraction, x, obtained from isothermal 
DSC scans (a) (Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that the activation 
energy of (Zr55Al10Ni5Cu30)99Y1 is much higher than (Zr55Al10Ni5Cu30)99Y1 at all the 
crystallization volume percentages, suggesting that (Zr55Al10Ni5Cu30)99Y1 has a better 
thermal stability. 
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Figure 6:1 (a) DSC curve for the (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs, (b) HRTEM image 
of (Zr58Ni13.6Cu18Al10.4)99Nb1 BMG. Note that the arrows indicate the nano-crystalline 
particles. 
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 (Cont’d) (c) XRD pattern for the (Zr58Ni13.6Cu18Al10.4)99Nb1 BMG. 
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Figure 6:2 Stress-life data of the (Zr58Ni13.6Cu18Al10.4)99Nb1 bulk-metallic glass, which is 
compared with the fatigue-endurance limits of the Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMG and 
Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMG reinforced by the Zr-Ti-Nb ductile phase.(16-18) 
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Figure 6:3 (a) Shear bands on the tension surface by the optical microscopy (OM), (b) 
The inclined and straight shear band having an angle larger than 45° on the tension 
surface, (c) Shear bands on the compression surface by OM, (d) The inclined and straight 
shear band having an angle smaller than 45° on the compression surface, (e) Microcracks 
formed at the shear-off steps, and (f) Branched shear bands and cracks, evidence of the 
plastic deformation, tested at σr = 519 MPa, σr = σmax. – σmin.. 
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Figure 6:4 (a) Overall fatigue morphology of the (Zr58Ni13.6Cu18Al10.4)99Nb1 bulk-metallic 
glass, (b) The boundary between the crack-propagation and the fast-fracture regions, and 
(c) Crack-propagation region 
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(Cont’d) (d) Fast-fracture region, (e) The boundary between the fast-fracture region and 
the melting region, (f) Melting region, and (g) Alternate fast-fracture and crack-
propagation regions, tested at σr = 622 MPa. 
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Figure 6:5 Schematic illustration of a fatigue-failure surface and the calculated toughness 
of the (Zr58Ni13.6Cu18Al10.4)99Nb1 bulk-metallic glass. 
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Figure 7:1 Three sections divided by the inner and outer pins. Note that the A section has 
the largest momentum, then the B section, and the lowest for the C section. 
(a) (b) (b) (c) (c) 
(a) (b) (b) (c) (c) 
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Figure 7:2 Surfaces of the different sections after fatigue tests under the stress of 519 
MPa and the fatigue cycle of 107 (a) A section, (b) B section, and (c) C section. Note that 
shear bands formed during fatigue tests. The shear-band density is highest for the A 
section, then the B section, and the lowest for the C section.  
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Figure 7:3 The crystallization peak upon heating with 20 K/s after fatigue tests (a) A 
section, (b) B section, and (c) C section. Note that the A section has the smallest 
crystallization-peak area, then the B section, and the largest for the C section.  
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Figure 7:4 (a) Compression stress vs. strain curves for A, B, and C sections, and (b) 
Amplified stress vs. strain curves for A, B, and C sections. Note that the C section has the 
largest stress-fluctuation range, then B section, and the smallest for the A section.  
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Figure 7:5 Shear-band observations after compression tests (a) A section with more 
homogeneous deformation, (b) B section, and (c) C section with more inhomogeneous 
deformation. Note that the A section has the highest shear-band density, then the B 
section, and the lowest for the C section. 
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Figure 7:6 Fracture surfaces for A, B, and C sections after compression tests. (a1) Vein 
pattern in the A section, (a2) Melting in the A section, (b1) Vein pattern in the B section, 
(b2) Melting in the B section, (c1) Vein pattern in the C section, and (c2) Melting in the 
C section Note that the temperature increase becomes more and more significant as the 
order of A, B, and C sections. The A section has the lowest vein-pattern fraction on the 
fracture surface, then the B section, and the highest for the C section.  
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Figure 8:1 The X-Ray diffraction for the Zr50Al10Cu37Pd3 BMG; and (b) High- resolution 
transmission-electron microscopy (HRTEM) and selected-area-diffraction (SAD) images 
of Zr50Al10Cu37Pd3 BMG. Note that the circle indicates the nano-particles 
(b) 
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Figure 8:2 The comparison of the stress range versus life data of the Zr50Al10Cu37Pd3 
BMG under compression-compression and tension-tension fatigue tests and 
Zr41.25Ti14.76Ni10Cu12.6Be22.5 BMG under compression-compression, four-point-bend, and 
tension-compression fatigue tests 
  208
 
Figure 8:3 (a) The near-45° shear fracture; (b) The shear bands on the surface of the 
specimen; (c) The crack on the top of the specimen; and (d) The crack at the bottom of 
the specimen. The maximum stress = 1,806 MPa 
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Figure 8:4 The schematic of the fracture under different stress states 
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Figure 8:5 (a) No fatigue striations in the crack-propagation region; (b) The crack-
propagation region near the fast fracture; (c) The boundary between the crack-
propagation region and the fast-fracture region; (d) Fast-fracture region; (e) The 
boundary between the fast-fracture and the local-melting regions; and (f) The melting 
region. The maximum Stress = 1,605 MPa (Note that the arrow is the crack-propagation 
direction) 
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Figure 9:1 Stress ratio/fatigue life curves: (a) compression-compression loading, and (b) 
four-point-bend loading.  
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Figure 9:2 Stress ratio/fatigue life curves: (Red) compression-compression loading, (Blue) 
and four-point-bend loading. The fatigue life and fatigue-endurance-limit under 
compression-compression loading is much longer than four-point-bend loading.  
Compression-compression fatigue 
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Figure 9:3 Statistics analysis for the linear relationship between stress ratios and fatigue 
cycles to failure under different loading modes, including compression-compression (CC), 
and four-point bend (4PB) loading. 
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Figure 9:4 Logistic regression for the fatigue data of bulk-metallic glasses with different 
compositions under different loading modes: (Red) compression-compression loading, 
and (Blue) four-point-bend loading. Note that the failure probability at the same stress 
ratio under compression-compression cyclic loading is lower than that under four-point-
bend cyclic loading is highest. Thus, at the same stress ratio, compression-compression 
cyclic loading should have the longer fatigue life than the four-point-bend fatigue, which 
is in agreement with the stress ratio and fatigue cycle’s curves.    
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Where(:LoadingMode == "CC") 
 
Intercept
Stress Ratio
Term
3.39079624
-8.826043
Estimate
2.1192167
3.5747769
Std Error
2.56
6.10
ChiSquare
0.1096
0.0135*
Prob>ChiSq
For log odds of 0/1
Parameter Estimates
 
 
Where(:LoadingMode == "4PB") 
Intercept
Stress Ratio
Term
1.44682734
-12.783972
Estimate
0.846721
3.8572579
Std Error
2.92
10.98
ChiSquare
0.0875
0.0009*
Prob>ChiSq
For log odds of 0/1
Parameter Estimates
 
Figure 9:5 Statistics analysis for the logistic regress between failure probability and stress 
ratio under different loading modes including compression-compression (CC), and four-
point bend (4PB). 
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Figure 9:6 Stress ratio/fatigue life curves: (Red) compression-compression loading, (Blue) 
four-point-bend loading, and (Black) tension-tension loading. Note that the stress 
ratio/fatigue life The fatigue life under tension-tension loading is mediate. The fatigue 
life under four-point-bend loading is the shortest. The fatigue-endurance-limit has the 
similar trend.   
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